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ABSTRACT

A mathematical model for use in real-time piloted simula-
tion of a 1985-era tilt rotor passenger aircraft is presented.
The model comprises the basic six degrees-of-freedom equations
of motion, and a large angle of attack representation of the
airframe and rotor aerodynamics, together with equations and
functions used to model turbine engine performance, aircraft
control system and stability augmentation system.

A complete derivation of the primary equations is given
together with a description of the modeling techniques used.
Data for the model is included in an Appendix.
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FOREWORD

This report was prepared by the Boeing Vertol Company for
the National Aeronautics and Space Administration, Ames Research
Center, under Contract NAS2-8048. The contract was administered
by NASA. Mr. Richard J. Abbott was the Contract Administrator;
Messrs George P. Callas, Michael A. Shovlin, T. Galloway were
the Technical Monitors. The Boeing Vertol Project Manager was
Mr. Harold Alexander and the Project Engineer was Mr. Michael

A. McVeigh.
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SUMMARY

This report documents the equations, functions, control
systems diagrams, and data required in the real-time simulation
of a 1985-era tilt rotor passenger aircraft. The simulatio-
mathematical model was intended for use on the NASA-Ames ™
Simulator for Advanced Aircraft to study the handling qual ‘“
of large tilt rotor aircraft. The model could also be use ~ o
research on advanced terminal area control. :rs.

The mathematical model consists of the rigid body equations
for motion of the aircraft in roll, pitch, and yaw about a
moving center of gravity. The equations differ somewhat from
the classical equations because of the necessity of accounting
for the motion of the tilting rotors and nacelles. The math
model is "full-force", that is, the representation of the aero-
dynamics of the rotors and airframe is suitable for the large
angles of attack encountered in VSTOL flight and can represent
pure rearwards and sidewards flight from hover. The aero-
dynamics of the airframe and the interference between components
was estimated from a combination of theory and experimental
data. The forces and moments acting on the large 56-focot dia-
meter hingeless rotors were oktained from a regression analysis
of test data on a smaller rotor of similar construction and
properties. The control system models p’lot controls, a thrust
management system and a stability augmentation system.
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Definition
Rotor disc area (per rotor)
Aspect ratio, b?/S

Lateral cyclic angle in rotor wind
axes

Lateral cyclic angle in swashplate
axes

Lateral cyclic angle in swashplate
axes resolved through swashplate
phase angle

Speed of sound or acceleration

Acceleration

Ratio of lift-curve slope in ground
effect to lift-curve slope out of
ground effect

Coefficients in wing 1lift and drag
equations

Percent brake pedal deflection
Aircraft butt line
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wind axes
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plate axes

Longitudinal cyclic angle in swash-
plate axes resolved through swash-
plate phase angle

Span of lifting surface (wing, tail,
etc)

Chord

Drag coefficient, D_
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Definition
Drag coefficient at zero 1ift
Drag coefficient increment

Drag coefficient referred to rotor
slipstream dynamic pressure, D/qgS

Lift coefficient, L/gS
Average lift coefficient
Lift coefficient increment

Lift coefficient referred to rotor
slipstream dynamic pressure, L/ggS

Lift-curve slope
Lift increment due to flap deflection
Rolling moment coefficient, X/q bS

Rolling moment coerfficient referred
to rotor slipstream dynamic pressure,

i’/qsbs

Pitching moment coefficient, M/gSc

Wing pitching moment coefficient as a
function of flap deflection; pitching
moment coefficient of fuselage or
nacelles at zero angle of attack

Pitching moment coefficient increment
Pitching moment coefficient referred
to rotor slipstream dynamic pressure,
M/qgSc

Change in wing/body pitching moment
coefficient as a function of flaperon
deflection

Yawing moment coefficient, N/gSb

Yawing moment coefficient of fuselage
or nacelles at zero angle of attack
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ND
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ND
ND
ND

ND

1/rad
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ND

ND

ND

ND

ND
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Symbol

CNF
CNFo
Cp
Cpo
CpM
CeMq

Csr

Definition

Yawing moment coefficient referred to
rotor slipstream dynamic pressure,
N/qub

Rotor normal force coefficient,
NF/prQ2RY

Rotor normal force coefficient with
zero cyclic pitch

Rotor power coefficient, S550RHP
pmQ 3R>

Rotor power coefficient with zero
cyclic pitch

Rotor hub pitching moment coefficient,

PM/p 1Q2R5

Rotor hub pitching moment coefficient
with zero cyclic pitch

Rotor side force coefficient,
SF/pnQ2RY

Rotor side force coefficient with zero

cyclic pitch
Rotor thrust coefficient, T/pmnQ2R"

Rotor thrust coefficient with zero
cyclic pitch

Rotor thrust coefficient referred to
rotor slipstream dynacric prassure,
T/qsA

Side force coefficient, Y/gS

Rotor yawing moment coefficient,
pmQ2RS

Rotor yawing moment coefficient with
zero cyclic pitch

Lift-curve slope of vertical tail
Coefficient of equation that defines

pitching moment coefficient as a
function of flap deflection
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DNFy.5

DeMy L6

DsF1.5

Dst,

DYM1.¢

dCyr/dA1c
dCyr/dB] ¢
dCpMm/dAlc
dCpM/dB1c
dCpm/dQ

dCgr/dA1¢

Definition

Coefficient of equation that defines
pitching moment coefficient as a
function of flap deflection

Coefficient of equation that defines
pitching moment coefficient as a
function of flap deflection

Rotor diameter
Aircraft download-to~thrust ratio

Coefficients in the equation for the
change in normal force coefficient
with lateral cyclic angle

Coefricients in the equation for the
change in hub pitching moment coeffi-
cient with lateral cyclic angle

Coefficients in the equation for the
change in side force coefficient with
lateral cyclic angle

Damping coefficients of the ianding
gear oleo struts

Coefficients in the equation for the
change in hub yawing moment coeffi-
cient with lateral cyclic angle

Change in normal force coefficient
with lateral cyclic angle

Change in normal force coefficient
with longitudinal cyclic angle

Change in hub pitching moment coeffi-
cient with lateral cyclic angle

Change in hub pitching moment coeffi-
cient with longitudinal cyclic angle

Change in hub pitching moment coeffi-
cient with pitch rate

Change in side force coefficient with
lateral cyclic angle
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Units

1/rad

1/rad?

ft
ND

1/deg

1/deg

1/deg

1b/ft/sec

1/deg

1/deg

1/deg

1/deg

1/deg

1/rad/sec

1/deg
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Symbol
dCgp/dB]c

dCym/dA1c
dCym/dB1c
dCyy/dR
dcy/dcy,
do/d8

EI

El,

ENF1.5

EpM1+6

ESF1.5

EYM1+6

Egps Eyp

FPR
FR1

F¢

B . .
S —

Definition

Change in side force coefficient with
longitudinal cyclic angle

Change in hub yawing moment coeffi-—
cient with lateral cyclic angle

Change in hub yawing moment coeffi-
cient with longitudinal cyclic angle

Change in hub yawing moment coeffi-
cient with yaw rate

Change in wing pitching moment with
lift coefficient

Change in fuselage sidewash angle
with sideslip angle

Product of modulus of elasticity and
moment of inertia

Product of modulus of elasticity and
moment of inertia at wing root

Coefficients in the equation for the
change in normal force coefficient
with longitudinal cyclic angle
Coefficients in the eguation for the
change in hub pitching moment coeffi-
cient with longitudinal cyclic angle
Coefficients in the equation for the
change in side force coefficient with
longitudinal c¢cyclic angle
Coefficients in the equation for the
change in hub yawing moment coeffi-
cient with longitudinal cyclic angle

Oswald efficiency of horizontal or
vertical tail

Generalized force or force on nacelle
Lateral-directional SAS function
Lateral-directional SAS function

Lateral-directional SAS function
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Units

1/deg

1/deg

1/deg

1/rad/sec

ND

ND

lb-in?

1b-in?

1/deg

1/deg

1/deg

1/deg

ND
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M

GEF

Gg1

GG2

lek

B A

Defini

tion

Lateral-directional SAS function

Lateral-directional SAS function

Lateral-directional SAS function

Lateral-directional SAS function

Aerodynamic force on nacelle

Landing gear oleo strut vertical force

Landing gear oleo strut lateral force

Longitudinal generalized force

Lateral generalized force

Vertical generalized force

Landing gear oleo strut longitudinal

force

Multiplier on rotor

Multiplier

Multiplier
moment

Multiplier
Multiplier
Multiplier

Multiplier

on

on

on

on

on

on

rotor

rotor

rotor

rotor

rotor

rotor

Generalized moment

normal force
power

hub pitching

torque
side force
thrust

hub yawing moment

Ground effect factor:

Governor gain

Governor gain

Governor gain
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Units

1b
1b
1b
1b
1b
1b
1b

ND
ND

ND

ND
ND
ND
ND
ft-1b
ND

deg/sec/rad/
sec

deg/sec/rad/
sec

deg/sec/deg
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Definition Units
Lateral directional SAS gain in/rad/sec
Lateral directional SAS gain in/rad/sec
Lateral directional SAS gain in/in
Longitudinal SAS gain deg/rad/sec
Lateral directional SAS gain in/rad/sec
Lateral directional SAS gain in/rad/sec
Lateral directional SAS gain in/rad/sec
Lateral directional SAS gain in/rad
Lateral directional SAS gain in/rad
Lateral directional SAS gain in/in
Longitudinal SAS gain deg/in
Longitudinal SAS gain deg/in
Governor throttle gain * deg/in
Longitudinal SAS gain deg/rad/sec
Lateral directional SAS gain in/rad/sec
Lateral directional SAS gain in/in
Lateral directional SAS gain in/in
Gravitational constant ft/sec?
Height ft
Horsepower -
Horizontal distance between wing ft
mass element center of gravity and
fuel center of gravity
Horizontal distance between wing ft
mass element center of gravity and
fixed nacelle center of gravity
Horizontal distance between wing ft

mass element center of gravity and
fixed nacelle center of gravity
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H

XX

Ixxo

Ixx(F)

P

Definition

Height or angular momentum

Angular momentum of nacelle about
aircraft center of gravity

Distance from wing pivot plane to
fuselage mass element center of
gravity

Height of pivot above wing chord line
or angular momentum of nacelle about
the pivot

Landing gear oleo strut deflection
during ground contact

Distance from wing pivot plane to
wing mass element center of gravity

Angular momentum of an element of
mass about its own center of gravity

Wing vertical bending deflection

Rotor hub height to rotor diameter
ratio

Distance from aircraft center of
gravity to bottom of right main gear
following a positive pitch rotation

Distance from aircraft center of
gravity to bottom of right main gear
following a positive roll

Mass moment of inertia

Vehicle mass roll moment of inertia
about center of gravity

Mass roll moment of inertia cf air-
craft components about their own
center of gravity

Mass roll moment of inertia of fuse-

lage mass element about its center
of gravity

xxii
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ft or 1lb-ft-
sec
1b-ft-sec
ft

ft

ft

ft
1b-ft-sec
ft

ND

ft

ft
slug-ft?
slug-ft-
slug-ft?
slug-£t?
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Symbol
(W)

'
IXX

Yy

Iyyo

F
Iyy( )

(W)
Yy

)
IYY

Ixzq

F
Tez

W)
Iy

'
Ixz

Iz24

Definition

Mass roll moment of inertia of wing
mass element about its center of
gravity

Mass roll moment of inertia of the
tilting portion of each nacelle about
its center of gravity

Vehicle mass pitch moment of inertia
about center of gravity

Mass pitch moment of inertia of air-
craft components about their centers
of gravity

Mass pitch moment of inertia of fuse-
lage mass element about its center of
gravity

Mass pitch moment of inertia of wing
mass element about its center of
gravity

Mass pitch moment of inertia of the
tilting portion of each nacelle about
its center of gravity

Vehicle mass product of inertia about
center of gravity

Mass product of inertia of aircraft
components about their own centers of
gravity

Mass product of inertia of fuselage
mass element about its center of
gravity

Mass product of inertia of wing mass
element about its center of gravity

Mass product of inertia of the tilting
portion of each nacelle about its
center of gravity

Vehicle mass yaw moment of inertia
about center of gravity

Mass yaw moment of inertia of aircraft
components about their own centers of
gravity

xxiii
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Units

slug-ft?

slug~£ft2

slug-£t?

slug-£t?

slug-£ft?

slug-ft?

slug-£ft?

slug-ft?

slug-£ft?

slug-ft?

slug-ft?

slug-£ft*<

slug-ft?

slug-ft-
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Syrbol Definition Units
(F)
I Mass yaw moment of inertia of fuselage slug-ft?
zz )
mass element about its center of
gravity
Iég) Mass yaw moment of inertia of wing slug-ft?2
mass element about its center of
gravity
I}, Mass yaw moment of inertia of the slug-£t?

tilting portion of each nacelle about
its center of gravity

i Incidence angle deg or rad

i Unit vector in i direction

J wx Dummy inertia, I;,-Iyy slug-ft”

Jyy Dummy inertia, Iyx-Izz slug-fte

Jaz Dummy inertia, Iyy-=Ixx slug-£ft?

i Unit vector in j direction -~

Ki Wing slipstream correction factor ND

Kpy Kp4 Coefficients of curve fit equation ND

T 7 for wing download as a function of
rotor height/diameter ratio

Km1 KM4 Coefficients of curve fit equation ND

. ~ "¢  for wing pitching moment as a func-
tion of rotor height/diameter ratio

K.- Multiplier on slipstream rolling ND

i moment coefficient

K, Miltiplier on slipstream yawing ND
moment coefficient

Kgp Landing gear spring constants lb/ft

n

Kyw1+Kw1o Coefficients for wing bending --
equations

KSB Multiplier on longitudinal cyclic in/in
pitch available from longitudinal
stick

XXiv
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RUD

Definition

Ratio between longitudinal stick
motion and elevator deflection

Multiplier on longitudinal cyclic
pitch available from pedal displace-
ment

Ratio between pedal and rudder
deflection

Multiplier on longitudinal cyclic
pitch and differential collective
available from lateral stick

Lateral cyclic pitch/degree of
differential collective pitch

Wing stiffness in torsion

Coefficient of fuselage drag coeffi-
cient equation to account for drag
due to sideslip

Coefficient in fuselage drag coeffi-
cient equation :

Coefficient in fuselage drag coeffi-
cient eguation

Coefficient in fuselage lift coeffi-
cient equation

Coefficient in fuselage lift coeffi-
cient equation

Coefficient in fuselage pitching
moment coefficient equation

Coefficient in fuselage pitching
moment coefficient equation

Coefficient in fuselage side force
coefficient equation

Coefficient in fuselage side force
coefficient equatiun

Coefficient in fuselage yawing moment
coefficient equation

XXV
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Units

deg/in

in/in

deg/in

in/in

deg/deg
ft~1b/rad
1/rad?
1/rad?
1/rad
1/rad
1/rad?
1/rad
1/rad?
1/rad
1/rad

1/rad
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Coefficient in fuselage yawing moment

coefficient

Wing/body interference effects on C

Wing planform effects on C(

equation

B
B

Wing planform and lift cffects on CNg

Coefficient

in nacelle

cient equation

Coefficient

in nacelle

cient equation

Coefficient

in nacelle

cient equation

Coefficient
coefficient

Coefficient
coeffi.ient

Coefficient
coefficient

Coefficient
coefficient

Coefficient
coefficient

Coefficient
coefficient

Coefficient
coeffircient

Coefficient
coefficient

Coefficient

in nacelle
equation

in nacelle
equation

in nacelle
equation

in nacelle
equation

in nacelle
equation

in nacelle
eqguation

in aacelle
equation

in nacelle
equation

drag coeffi-

drag coeffi-

1ift coeffi-

pitching momenc

pitching moment

side force

side force

yawing moment

yawing moment

yawing moment

yawing moment

in fuselage lift coeffi-
cient equation

Unit vector in k direction

Nacelle shaft length from pivot to

spinner

xxvi
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Units

1/rad?

1/rad
1l/rad
1/rad

1l/rad
1/rad?
1/rad
1/rad
1/rad-
1/rad
1/rad-
1/rad
1/rad?
1/rad
1/rad?

ND

ft



I

SRV o

PR

-

Copreen

N Lo

M/

Mg
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NF
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De.inition
Rolling moment

Distance from nacelle givot to
nacelle center of gravity

Horizontal distance from nacelle pivot
to aircraft component center of
gravity positive - positive forward
from pivot

Horizontal distance from horizontal
tail quarter chord tc wing aero-
dynamic center

Horizontal distance from pivot to
center of gravity cf fuselage mass
element

Wing root lift/foot

Horizontal distance from pivot to
center of gravity of pilot~' station -
positive forward from pivot

Horizontal distance from pivot to wing
mass element center of gravity

Pitching moment

Pitching moment, or aircraft mass

Pitching moment/rotor thrust
Mass of fuselage structure
Mass of one nacelle

jass of wing

Yawing moment

Rotor normal force

Engine gas generator speed
Engine gas generator indicator

Engine gas generatcr speed at sea
level standard, static conditions

Xxvii
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Units
ft-1b

ft

ft

ft

ft

1b/ft

ft-1b

ft-1b or
slugs

ft-ib/1b
slugs
slugs
slugs
tt-1b

1b
rev/min

rev/min

T e

e o h
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Symbol

Nig IND

(L2

Definition

Referred engine gas generator speed
indicator

Engine power turbine speed

Engine power turbine speed at sea
level standard static conditions

Body axes roll rate

Jorizontal distance from wing leading
edge to pivot location

Nacelle axes rol1l1 rate
Nacelle wind axes roll rate
Body axes roll rate

Body axes pitch rate or rotor
torque

Torque indicator

Maximum engine torque available
Nacelle éxes pitch rate

Nacelle wind axes pitch rate

Engine torque at sea level standard
static condition

Body axes pitch rate or freestream
dynamic pressure

Dynamic pressure of rotor slipstream

Bod;. 'xes yaw rate or rotor resultant
force ¢ rocor radius

Rotor horsepower

Nacelle axes yaw rate
Nacelle wind axes vaw rate
Body axes yaw rate

Radius vector

xxviid

D238-10002-1

Units

rev/min

rev/min

rad/sec

ft

rad/sec
rad/sec
rad/sec

rad/sec or
1b-£ft

ND

lb-£ft
rad/sec
rad/sec
1b-ft
rad/sgc or
1b/ft*
1b/ft*

rad/sec or
1lb or ft

rad’=ec
rad/sec

rad/sec
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i
[

SF
SHP

SHP*

T

TEA

(T1GE/ToGE)

T1~T3

Ul

i
|
i
I
i
i
|
!
1
—pn

Definition
Landing gear tire radius
Surface area
Rotor side force
Shaft horsepower

Engine shaft horsepower at sea level
standard static conditions

Rotor thrust

Engine referred turbine inlet
temperature

Ratio of the rotor thrust in ground
effect to the thrust out of ground
effect

Coefficients of curve fit equations
for rotor/rotor interference

Time

Body axes longitudinal component of
velocity at aircraft center of gravity
or rotor hub, wing, horizontal and
vertical tail velocities referred to
rotor sharft and local surface chord
axes, respectively

Body axes longitudinal component of
velocity at rotor hub and wing aero-
dynamic center

Body axes longitudinal component of
velocity at pilot's station

Total velocity

Rotor tip speed

Resultant flow through rotor disc
Non-dimensional rotor forward velocity

Total velocity vector

XX1ix

D238-10002-1
ft
ft2

1b

1b

deg

ND

secC

ft/sec

ft/sec

ft/sec

ft/sec
ft/sec
ft/sec
ND

ft/sec
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Symbol

VI

Vi
w.L‘
wl
WDTIND

W

Wl

Wpa

Xsubscript

AXsubscript

xaero

Definition

Body axes lateral component of
velocity at aircraft center of
gravity or rotor hub wing, horizontal
and vertical tail velocities referred
to rotor shaft and local surface
chord axes, respectively

Body axes lateral component of
velocity at rotor hub ana <ing
aerodynamic center

Rotor induced velocity

Body axes lateral component of velo-
city at pilot's station

Non-dimensional rotor induced velucity

Fuselage water line position
Weicht of aircraft components
Fuel flcw indicator

Body axes vertical component of velo-
city at aircraft center of gravity
or rotor, hub, wing, horizontal and
vertical tail velocities referred to
rotor shaft and local surface chord
axes, respectively

Body axes vertical component of
velocity at rotor hub and wing aero-
dynamic center

Body axes vertical component of velo-
city at pilot's station

Longitudinal distance, measured
positive forward from nacelle pivot
along body axes

Longitudinal force, measured positive
forward along body axes

Total longitudinal aerodynamic force

at center of gravity measured positive

forward along body axes

XXX

D238-10002~-1
Units

ft/sec

.ft/sec

ft/sec

ft/sec

ND
in.
ib

ft/sec

ft/sec

£t/sec

1b

1b

e
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Sympol

sprscript
ngbscrlpt

XNorth

Ysubscript

AYsubscript

Yaero

ysSprscript
subscript

YEast

Zsubscript

AZsubscript

Zaero

sprscript
zsgbscrlpt

Zdown

2

Av':'fuel

Definition

Longitudinal force, measured positive

forward along body axes
Longitudinal ground track velocity

Lateral distance, measured positive
along right wing along body axes

Lateral force, measured positive along

right wing in body axes

Total lateral aerodynamic force at
center of gravity measured positive
along right wing in body axes

Lateral force, measured positive
along right wing in body axes

Lateral ground track velocity

Vertical distance, measured positive
down nacelle pivot along body axes

Vertical force, measured positive
down along hody axes

Total vertical aerodynamic force at
center of gravity, measured positive
down along body axes

Vertical force, measured positive
down along body axes

Vertical ground track velocity
Vertical distance from nacelle pivot
to centexr of gravity of aircraft
component, positive down from nacelle
pivot along body axes

Angle of attack

Angle of sideslip

Vertical distance between wing fuel

center of gravity and wing mass
element certer of gravity

XXX1
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Units

1b

ft/sec
ft

1b

1b

1b

ft/sec

ft

1b

1b

1b

ft/sec

ft

rad
rad

ft

st e
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SSTEER

€o

€iLR

€iRL

twl?>iwd
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Definition

Vertical distance between fixed
nacelle center of gravity and wing
mass element center of gravity

Vertical distance between wing center
of gravity and wing mass element
center of gravity

Control element (surface or stick)
angular or linear displacement

Vertical distance between cargo center
of gravity and fuselage mass element
center of gravity

Vertical distance between crew center
of gravity and fuselage mass element
center of gravity

Vertical distance between fuselage
center of gravity and fuselage mass
element center of gravity

Vertical distance between horizontal
tail center of gravity and fuselage
mass element center of gravity

Nose wheel steering angle, positive
right

Vertical distance between vertical
tail center of gravity and fuselage
mass element center of gravity
Wing or rotor downwash angle

Wing downwash angle at zero wing
angle of attack

Rotur/rotor interference angle, left
rotor on right rotor

Rotor/rotor interference angle, right
rotor on left rotor

Wing on rotor interference
Rotor sideslip angle or damping ratio

Wing damping ratio

xxxii
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Units

ft

ft

deg or in.

ft

ft

ft

ft

deg ;
ft
rad
rad

rad

rad

rad
rad or ND

ND




R T

Svmbol
Hv'l'fuel
Hl

wW'NF

Hl
w'w

"HT

Ny

nvr

Ny

NTR

D238-10002~1
Definition Units

Horizontal distance between wing fuel ft
center of gravity and wing mass
element center of gravity

Horizontal distance between fixed ft
nacelle center of gravity and wing
mass element center of gravity

Horizontal distance between wing ft
center of gravity and wing mass
element center of gravity

Horizontal distance between cargo ft
center of gravity and fuselage mass
element center of gravity

Horizontal distance between crew ft
center of gravity and fuselage mass
element centexr of gravity

Horizontal distance between fuselage ft
center of gravitv and fuselage mass
element center of gravity

Horizontal tail efficiency ND
Horizontal distance between horizontal 1b
tail center of gravity and fuselage

mass element center of gravity

Vertical tail efficiency factor ND
Horizontal distance between vertical ft
tail center of gravity and fuselage

mass element center of gravity
Transmission efficiency ND

Aircraft pitch or Euler angle or rad or ND
temperature ratio

Wing twist angle rad

Rotor collective pitch angle at deg
three-quarter radius

Angle between the rotor shaft and a rad

line drawn through the nacelle center
of gravity from the pivot

xxxiii
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ER175RY

™
TE
THT
TLAS
VT
P
Tr
Te

Toss

Twﬁr
Tl
T2

Definition
Rotor advance ratio = V/&R

Tire sliding coefficient of friction
when sliding sidewards (for concrete)

Tire rolling coefficient of friction
(for concrete)

Coefficient of rolling friction for
brakes

Terms in wing immersed area calcula-
tion

Ambient air density
Fuselage sidewash angle
Ambient density ratio

Angle between freestream velocity and
rotor resultant force

Engine response time constant

Engine response time constant
Horizontal tail effectiveness

Load alleviation system time constant
Vertical tail effectiveness

Lateral directional SAS time constant
Lateral directional SAS time constant
Lateral directional SAS time constant
Lateral directional SAS time constant
Lateral directional SAS time constant
Lateral directional SAS time constant
Rotor thrust response time constant
Rotor thrust response time constant

Aircraft roll angle or Euler angle

XxXiv

D238-10002-1
Units
ND

ND
ND

ND

slug/ft3
rad
ND

rad

sec
sec
ND

sec
ND

sec
sec
sec
sec
sec
sec
sec
sec

rad



Symbol

$17>¢5

|

Wyl Ww3

Definition
Rotor swashplate phase angle

Functions in wing vertical bending
equations

Rotor wake skew angle

Aircraft yaw angle or Euler angle
Rotor or engine rotational speed
Angular velocity vector

Natural frequency

Wing natural frequencies

XXXV
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Units

rad

rad
rad
rad/sec
rad/sec
rad/sec

rad/sec

gt

bt e MR
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. Subscripts
A

AC
ACT

AERO

CG
CR
c/4

DUM

EFF

FAC

FUEL

FUELCG

FUS

GLAS

GYRO

HL

-

Available

Aerodynamic center
Actuator

Aerodynamic force
Aileron

Longitudinal stick
Cargo

Center of gravity

Crew

Quarter chord

Dummy variable

Engine

Effective

Elevator or effective
Fuselage

Fuselage aerodynamic center
Fuel in wing

Fuel center of gravity
Fuselage

Fuselage minus landing gear
Flap

Load alleviation system
Gyroscopic

Ground or gust

Left rotor hub

XXXvi

D238-10002-1



— T Al

) ' — X I

D238-10002-1

Subscripts

HR Right rotor hub

HT Horizontal tail

HTCG Horizontal tail center of gravity
IGE In ground effect

i Immersed

L Left wing or rotor

LAS Load alleviation system

LE Left engine

LG Landing gear

L-L Rotor lead-lag

LN Left nacelle

LR Left rotor

LRH Left rotor hub

LT Left wing tip

Lw Left wing

LWo Left wing referred to freestream
MAX Maximum

N Nacelle or natural frequency

NF Fixed portion of nacelle

NFCG Fixed portion of nacelle center of gravity
NL Left nacelle

NR Right nacelle

NT Tilting portion of nacelle

n Landing gear index, n=1 left gear, n=2 right gear,

n=3 nose gear

OGE Out of ground effect

xxxvii
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Subscripts

P ?ower{ nacelle pivot, or rotor polar moment of
inertia

POWER Power

PA Pilot station

R Right wing, rotor or rudder pedal

RE Right engine

REQ Required

RIGID Rigid

RN Right nacelle

RR Right rotor

RRH Right rotor hub

RT Right wing tip

RUD Rudder

RW Right wing .

RWq Right wing referred to freestream

S Rotor shaft, side, or lateral stick

sP Spoiler

STALL Stall

T Tail, total or wing tip

TH Throttle

VT Vertical tail

VTCG Vertical tail center of gravity

W Wing

WAC Wing aerodynamic center

WCG Wing center of gravity

X Along the longitudinal axis, positive forward

xxxviii



Subscripts

y

Along the lateral body axis, poéitiVe out
right wing

z Along the vertical body axis, positive down
_ Denotes a vector quantity

Superscripts

(c) Refers to cargo or payload weight

(CR) Refers to aircraft crew weight

F Fuselage

F' Fuselage less landing gear

HT Horizontal tail

(HT) Refers to horizontal tail weight component
IGE In ground effect

LW Left wing

N Nacelle

NL Left wing tip at pivot

NR Right wing tip at pivot

RW Right wing

T Total of horizontal and vertical tail

vT Vertical tail

(V1) Refers to vertical tail weight component
W Wing

(W'pueL) Refers to wing fuel weight

(Wg') Refers to fuselage weight component

(W'NF) Refers to weight of fixed portion of nacelle
(W'y) Refers to wing weight component

XXX1X
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Superscripts

Denotes an interim calculation or coefficient
in local wind axes

Denotes an interim calculation
Denotes average value

Denotes interim calculation or calculation in
freestream wind axes

Denotes an interim calculation
Denotes an interim calculation

Denotes a unit vector

xl
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1.0 INTRODUCTION

The rising costs and diminishing availability of fossil
fuels, the increasing congestion at major airports, and the
growing need to reduce noise and air pollution are strong
reasons for evaluating rotary-wing vehicles for the short-hau.
air travel market.

The low disc loadings of rotor configurations allow
vertical or short takeoff and landing for a relatively low in-
stalled horsepower. This power economy results in improved
fuel efficiency and reduced air pollution. The capability for
V/STOL operation greatly reduces runway requirements and pro-
vides a means to alleviate air traffic congestion at airvorts.

The tilt rotor aircraft combines the V/STOL advantages of
the helicopter with the speed and altitude advantages of fixed
wing aircraft. In Reference 1 a study was made to define a tilt
rotor aircraft capable of carrying 100 passengers over a 200
nautical mile stage length at minimum direct operating cost. The
configuration emerged as a 4-engined, 33905 kg (74749 1b) air-
craft with a wing span cf 25 meters (82 ft), a rotor diameter
of 17.76 meters (56.3 ft) and a cruise speed of 349 KTAS. This
represents a very large increase in size for a tilt-rotor
vehicle compared to current (NASA-Army Bell XV-15) and past
(XV-3) tilt rotor designs. The question then aris.s as to the
flying qualities of such a rotary wing vehicle and the impact
of operating large tilt rotors in projected terminal area navi-
gation systems.

This report presents the development of a mathematical
model which could be used in a piloted simulation of a large
tilt rotor aircraft. This is a model of the 1985 Tilt Rotor
Configuration originally planned for use on the NASA-Ames
Flight Simulator for Advanced Aircraft. The model could also
be used in research on advanced controllers for terminal area
operation.

The aircraft selected for modeling was the design point
tilt rntor aircraft described in Reference 1 and detailed in
Section 2.0. The math model is full force, with all inertial
and aerodynamic terms included. The forces and moment%s
generated by the large, hingeless rotors are calculated from a
cet of equations derived from a regression analysis of full-
scale test data on a rotor of similar design. Direct calcula-
tion of the rotor forces and moments in real time is not prac-
ticable because of the complexity of the equations required to
represent the flap-lag coupling effects of soft-in-plane hinge-
less rotors.

The aerodynamic interference effects of the rotor on wings
and tails, the effect of the wing upwash on ti.c rotor, and the

1-1
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interference of one rotor on the other in edgewise flight, are
represented. Turbine engine performance, dynamic response and
performance limits, both thermodynamic and mechanical, are in-
cluded.

The control svstem elements represented are pilot command,
three axis stability augmentation and a thrust management/
governor system. Control system actuator dynamics are included
as first and second order lags.

The effect of the tilting rotors and nacelles on the air-
craft center of gravity and inertias are calculated. Forces
and moments resulting from acceleration of the nacelles during
rapid tilting maneuvers are included.

The airframe c.g. and inertia representation permits the
location, inertia, and c.g. of major components of the aircraft
to be entered. All lengths, overall c.g. and inertias of the
aircraft are then calculated.

Wing and nacelle aerovelastic effects are treated on a
quasi-static basis, i.e., coupling is through the aerodynamic
terms only.

The mathematical model is presented in detail in Appendix
E and derivations of important equations are also included in
the body of the report and the appendices.

-~
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2.0 DESCRIPTION OF AIRCRAFT

The 1985 commercial 100 passenger tilt rotor aircraft is shown
in Figures 2.1 and 2.2. Table 2.1 lists the major dimensions
and characteristics of the aircraft.

The 1985 tilt rotor has a takeoff gross weight of 33,905 kilo-
grams (74,749 pounds). The rotors are three-bladed and are of
hingeless fiberglass composite construction. The rotor diam-
eter 1s 17.16 meters (56.3 feet) and the solidity ratio is
0.089. In hover and low-speed flight, cyclic pitch control is
applied to the rotor to provide control power and trim. These
rotors are highly twisted (36 degrees) by comparison with
helicopter blades to provide efficient operation at high advance
ratio as well as in hover.

The rotors and forward rotor transmission tilt; however, the
engines, mounted outboard of the tilt package, remain stationary.
This arrangement does not require the engines to be requalified
for vertical operation and reduces the inertia of the tilt
package.

The aircraft has four engines, two on each wing tip. The rotors
and engines are connected by means of a cross-shaft which provides
the torque transmission across the aircraft in event of engine
failure. The location of the engines outboard of the tilt package
provides easy access to the engine bays for maintenance or engine
removal.

The span of the aircraft is 25 meters (82 feet) measared from

outboard of one nacelle *o outboard of the other. Tne wing is
st.cight and uptapered with a NACA 634221 section with a wing

setting angle of 2° relative to the fuselage. The wing aspect
ratio 1s 7.14.

The wing has full-span 30-percent-chord plain flaperons used as
both flaps and ailerons. 2 leading edge umbrella flap is vro-
vided which opens for hover and low-speed helicopter-type flight
to alleviate the rotor download on the wing. This device is
also used to ensure that wing unstalling at end of transition
occurs simultaneously on both wings.

The empennage T-tail configuration was selected tc¢ reduce the
impact of rotcr downwash on the horizontal stabilizer in transi-
tion flight. The horizontal tail volume ratic is 1.47, and the
vertical tail volume ratio is 0.159.

The tricvcle landing gear configuration provides good ground
handling characteristics and is retractable. The undercarriage
provides an overturning angle of 27°,

e
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1985 COMMERCIAL TILT ROTOR - DIMENSIONAL DATA

WING:

AREA (REFERENCE)
ASPECT RATIO
SPAN (BETWEEN ROTOR @, )
TAPER RATIO
CHORDS :

ROOT

TIP

MEAN AERODYNAMIC
SWEEPBACK
DIHEDRAL
INCIDENCE:

ROOT

TIP
AIRFOIL SECTION:

ROQT

TIP

FUSELAGE:
LENGTH
DEPTH
WIDTH

WETTED

747.5 FT2
7.15
73.1 FT

1.00

10.23 FT
10.23 FT
10.23 FT
0 DEGREES

0 DEGREES

2.0 DEGREES

2.0 DEGREES

NACA 634221
(MODIFIED)

NACA 634221
(MODIFIED)

92.5 FT
11.5 FT
14.75 FT

3563 FTC
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1985 COMMERCIAL TILT ROTOR — DIMENSIONAL DATA

NACELLES :
ZNGINE:
LENGTd
DEPTH

WIDTH

(Continued)

WETTED AREA (PER NACELLE)

TILTING:

LENGTH

DEPTH

WIDTH

WETTED AREA (PER NACELLE)

HORIZONTAL TAIL:

AREA (EXPOSED)
AREA (REFERENCE)
SPAN

ASPECT RATIO

TAPER RATIO

DISTANCE (c/4)y to (c/4)gp

CHORDS :
ROOT
TIP

MEAN AERODYNAMIC

SWEEPBACK AT 0 PERCENT CHORD

DIHEDRAL

8.58 FT
5.5 FT
3.0 FT

136. FT?

15.5 FT
5.08 FT
3.42 FT

122 FT2

211.5 FT?
227.5 FT?
35 FT
5.38
0.625

50.75 FT

8.0 FT

5.0 FT

6.62 FT

9.75 DEGREES

0 DEGREES



1985 COMMERCIAL TILT ROTOR - DIMENSIONAL DATA

D238-10002~-1

(Continued)

INCIDENCE:

ROOT 0 DEGREES

TIP 0 DEGREES
AIRFOIL SECTION:

ROOT NACA 64A010 (MODIFIED)

TIP NACA 64A010 (MODIFIED)

VERTICAL TAIL:

AREA (EXPOSED, EXCLUDES DORSAL) 210 FT?
AREA (REFERENCE) 278 FT?
SPAN (REFERENCE) 20.67 FT
ASPECT RATIO 1.536
TAPER RATIO 0.482
DISTANCE (c/4)y to (c/4)yr 40.5 FT
CHORDS :

ROOT 18.33 FT

TIP 8.83 FT

MEAN AERODYNAMIC 14.1 FT
SWEEPBACK AT 0 PERCENT CHORD 39 DEGREES
AIRFOIL SECTION NACA 64A008 (MODIFIED)

CONTROL SURFACES:

FLAPERON:

AREA (AFT OF HINGE) 150.4 FT*

SPAN (LENGTH EACH SIDE) 24.5 °T

CHORD (% OF WING CHORD) 30

SWEEPBACK OF HINGELINE 0 DEGREES

2-6
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1985 COMMERCIAL TILT ROTOR - DIMENSIONAL DATA

} (Continued)
— SPOILERS:
AREA
SPAN (LENGTH EACH SIDE)
CHORD (% OF WING CHORD)
POSITION OF LE (% OF WING CHORD)
SWEEPBACK OF HINGE LINE
- LEADING EDGE UMBRELLA:
AREA (PLAN)
CHORD (% OF WING CHORD)
SWEEPBACK OF HINGE LINE
i ELEVATORS:
; o AREA (AFT OF HINGE LINE)
CHORD (% HORIZONTAL TAIL CHORD)
SWEEPBACK OF HINGE LINE
RUDDER:
AREA (AFT OF HINGE)
CHORD (% VEKTICAL TAIL CHORD)
SWEEPBACK OF HINGE LINE
ROTORS :
NUMBER OF BLADES (PER ROTOR)
DIAMETER
BLADE AREA (PER BLADE)
GEOMETRIC DISC AREA (TOTAL)

SOLIDITY

—

63.2 FT2
24.5 FT
12.65
66.0

0 DEGREFS

102,.8 FT?
18.6

0 DEGREES

62.1 FT?
33

3.0 DEGREES

49.3 FT2
25

26 .7 DEGREES

3

56.3 FT
70.1 FT12
4978 FT-

.089

e ————— N
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1985 COMMERCIAL TILT ROTOR - DIMENSIONAL DATA

(Continued)
AIRFOIL SECTION:
ROOT
70% RADIUS
89% RADIUS

TIP

VR-7
VR-8
VR-9

VR-9

D238--10002-1
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3.0 EQUATIONS OF MOTION

This section presents the derivation of the airtrame equations

of motion and the simpii

fications that were made in order to

obtain the final equations as presented in Appendix E. The
treatment accounts for all six rigid-body degrees-of-freedom
including the effects of the tilting nacelles and rotors. The
principal features of the derivation are:

o

o

Assumption of X-2 plane of symmetry

The basic equations are derived about the
instantaneous center of gravity of the air-
craft since the center of gravity is strongly
dependent on nacelle incidence.

Rotor and engine gyroscopic terms are included.

The wing elastic degrees of freedom do not

couple inertially.

The coupling occurs only

through the aerodynamic terms.

Wing aeroelastic effacts are not included in
the center of gravity calculations.

3.1 AXES S¥S1U

A set of right-handed orthogonal axes OXYZ is placed at the
center of mass of the aircraft and is fixed in the aircraft
such that C¥ lies in the lateral plane of symmetry and is
positive iorward parallel to the fuselage water line zero. The
remaining axes are placed as shown in Figure 3.1.

The orientation of the aircraft is defined with respect to a

set of earth~-fixed axes C X'¥Y'32’'.

parallel to C X'Y'Z',

With the axes OXYZ initially

the aircraft is yawed to the right about
O through an angle y, then pitched up about 0Z through the
angle 6, and finally rolled right about OX through the angle 4.

If V and Q@ are the aircraft velocity and angular velocity
vectors relative to the earth-fixed axes, the projections of
these vectors on the moving axes are U, V, and W for the
components along 0X, 0Y, and O0Z, and P, Q, and R for the angu-
lar velocity components.

Thus,

(<

|

]

Ui + Vj + Wk

Pi + Qj + Rk

(3.1)
(3.2)
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where the unit vectors i, j, and k lie along 0X, OY, and 0OZ.

3.2 AIRCRAFT GROUND TRACK

The components of V relative to the earth-fixed axes are ob-
tained in terms of U, V, W and ¢, 98, ¢ as, (See Reference 2 ),

%%. = U cos 8 cos ¢ + V(sin ¢ sin & ~70os y - COS sin ¥)
'+ W (cos ¢ sin @ cos ¢y + sin @ sin v)
gy’ i i i i ) (3.3)
dc = Ucos 8 siny + V(sin ¢ sin & sin ¢ + cos ¢ cos .
+ W (cos ¢ sin 8 sin ¢y - sin ¢ cos V)
dz! . . 6
dc = -U sin 8 + Vsin ¢ cos 8 + Wcos ¢ cos

“ntegration of these equations gives the aircraft ground track.
A further relationship may be obtained between the rate of
change of the Euler angles (v, 6, $) and the components of the
angular velocity in the moving axes system, viz,

= (Rcos ¢ + Qsin ¢)sec §

.

De

= Q cos $» - Rsin ¢ (3.4)

= P + Gsin 8

e

3.3 FORCE EQUATION

The total external force, F, acting at the aircraft center of
mass is given by

- §V .
E=o (V) = m[:gE +2x 21 (3.5)
where m is the mass of the aircraft and ﬁi is the rate of

change of V with respect to the moving ré%erence frame OXYZ,
i.e.

5! . A‘ .é « A

st UL+ Vi + Wk (3.6)
If F has components Fy, Fy, and F, along the respective axes
then
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~ A A . A A A ~ A A
F=F, 1+ FYi + F, Xk = m{g i+V]+wWwk+[i j k }
P Q R
U VvV W
thus
Fy =m (U + QW = RV)
Fy =m (V + RU - PW) (3.7)

F, =m (W+ PV - QU)
The forces Fy, Fy and F, are given by

E‘X = :{ERO - mg sin 8
. (3.8)
Fy = Yarro + Mg sin ¢ cos @

Fz = Zppro + Mg cos ¢ cos 6

Where Xagro. etc., are the components of the total aerodynamic
force acting at the aircraft center of mass.

Substituting equations (3.5) in equations (3.7), the follow-
irg eguations are obtained for the aircraft accelerations,

. X

U = AgRO - g sin 6- QW + RV

. Y

V = AgRO + g cos 6 sin ¢ - RU + PW (3.9)
z

[

W o= AﬁRO + g cos 3 cos ¢ + QU - PV

3.4 MOMENT EQUATION

The derivation of the equations for the total moment acting
about the aircraft center of mass is complicated hy the fact
that the center of mass changes position due to the tilting
nacellas. Thus the centers of gravity of the principal air-
craft component masses of the winygs (my), fuselage (including
tails) (mg), and nacelles (my), move with respect to the ref-
erence axes 0OXYZ placed at the instantaneous overall center of
gravity of the aircraft. The equation of motion for such a
mass element will first be obtained and the total moment found
by adding the contributions of 211 the elements.

3-4
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3.5 EQUATION OF MOTICN FOR A MASS ELEMENT

With reference to Figure (3.1) O'xyz is a right-handed set of
axes placed at the center of gravity of the representative mass.
The axes are parallel to the set 0XYZ. The mass, m, rotates
about its own center of gravity with angular velocit w which,
in general, differs from 2 the angular velocity of the aircraft.
If r is the radius vector from O to O' then the velocity of the
center of mass of the element is

o
La

vV = +Q2xr (3.10)

h

o
ot

The angular momentum of this mass about O is
h=m/{r xV) + ho (3.11)

where ho is the angular momentum of m about its own center of
mass and is given by

where_ _

- -1 ]
I3 Ixx “Ixy "Ixz
~Ix “Izy IZ{

and Ixyx, etc., are the noments and products of inertia of the
mass about O'xyz.

The totazl moment, G, about the aircraft center of mass is given
by

dh 3h
E R S Y
& dt it £xh

Using equations (3.10), (3.11), and (3.12 in (3.14), the moment
becomes

ir r ir .‘ & -
G = mr—— x(T- + O X r) + 3 $ — V) S (1
R T b L¥ g (s rioxzyt gl
L -
+mQ X [{ X (1? + a4 X rﬂ L X(I;) (3.15)
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which reduces to

. éx §2r 0
G = 2m2(§. —f)+ mr X —=+ M —= (r.r) -mr(r. ig) (3.1€)
§t st 3 - = —\T &ty
sr ' =
=2m —= (Q.r) -m(r.2) (Gxr) + I Ei + 0 x(I w)
dt — — - = == st = -,

The only masses that possess angular velocities different from
that of the aircraft are the nacelles, which are free to pitch
about O' with angular rate i = diN . Thus w may be written
generally as dt

A A

w=PL+ (Q+12IN)J+R& (3.17)
. A A A . .. .

Now, with r = Xi + ¥j + 2k, where X, Y, and Z are the 1in-
stantaneous coordinates of the individual mass center relative
to the aircraft mass center, the various terms of equation
(3.16) are, in component form,

r. SE - XX+ YY + 232
— 4t
§¢r A 4 a
L x 7= (YZm2¥i - (X2-2X)] + (X¥-¥X)g
6Q 2 2 2y ot N s A (3.18)
F% (r.xr) = (X + ¥4 + 24)(Pi + Qj + Rk) )
6Q - . .
r. — = XP + ¥YQ + 2ZR
6t
Q.r = XP + ¥YQ + ZR
(£.2) (2xx) = (XP+YQ+XR) [(Qz-Ry)g-(pz-RX)i+(Py-xo)g]
s dw : A s e A . . 2
I E? = (IgxP-IyxzR)1 + Iyy(Q+lN)l + (IzgR=Iy,P)x

=4 - - - n? "
= (PR I55-P2I4z-PR Ixx + R3Ixz)3
. A
+(QR Iy,+PQIyy + PiyIyy = PQ Iyyglk
where, in the last two terms, the products of inertia Iyxy and
Tyz are zero fiom symmetry considerations. ’

Substituting the above relations into equation (3.16) and
noting that ¥ and Y are always zero (no lateral motion of th.

3-6
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individual masses) the following expressions are obtained for
the components of the moment G = ALiI + AMj + &Nk:

AL

é[Ixx + m(Y2 + 22)] - (é+pQ)[1xz +m XZ)

<+

RQI;-Iy p+m(¥Y2-22)] + m YZ(RZ2-Q?) - I, R Iy
+ m (YZ-2XYR - 2XZR + 22%ZP - XY (Q - PR)) ‘o=
M = O [Iyy+m(x2+22)] - (RZ2-P2) (I, + mXZ] (3.19) I
+ PR [Ixy-Iz, + m(22-X2)] + I, Iy
+ m [XZ-XZ + 2Q(ZZ+XX)-XY (P+RQ)+YZ (PQ-R)]

AN

R [I,,+m(X2+4Y2)] - (P-RQ) [I,, +m XZ] (3.20)
+ PQ [Iyy-Ixx + m(X2-¥?)] + I, P Iy

+ m [2XXR - YX - 2X2ZP - 2YZQ - YZ (Q+PR)+XY (Q2-P2)]

Summing the rclling moment equation: .
L = Iyg P-Ign (R+PQ) + (Izz-Iyy)RQ

+ my (R7-Q2) (Zyg-2Zyp) ¥y + mN’[YN(ZNR_ZNL)

IS ot - . (3.21)
2Q (X=X ) Y= 2R (Xyr2yg + Xyplup) T 2P (2gr2I4R *

ZNLZNL)—(é-PR)(XNR'XNL) YN}+ 2mfo(Pif -

: hd 't N . [
RXg) + 2m,2,, (P2 - RXy)-R Iyy (lyg + Ing)

where Iyx, Ixgz, Izg, and Iyy are the inertias of the aircraft
about its center of gravity, and the subscripts £, w, NL and
NR stand for fuselage, wing, left nacelle and right nacelle.
The remaining symbols are defined in the List of Symbols.
Similar expressions are obtained for the pitching moment and
yawing mcment. In the interests of brevity the remainder of
the discussion will be limited to equation (3.21).

Evaluation of the terms of the rolling moment equation indicate
that this equation may be simplified considerably without a
significant change in accuracy. For example, terms containing
(XNR-XNI) may be dropped because Xyr is normally identical to

3=7
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iNL' i.e. the nacelles are raised or lowered together at. the
same rate. Equation (3.21) may thus be written

L=IyxP-Ixz(R+PQ) + (Izz-Tyy)RQ + my¥Yy(XNR-ZNL)  (3.22)
where the last term has been retained in consideration of the
high differential nacelle accelerations encountered during hover
maneuvers.

From the relationships presented in Appendix C the last term of
Equation (3.22) may be rewritten as

-szYN {ENR cos (iNR-X) + iﬁL sin (iNL’K)

(3.23)
-iZo sin (igg=2) - Iy cos (i, -A)]
which may be approximated to
-amyYy [Iyg cos (iyg-A) - iyp cos (iyp-A)] (3.24)

since the nacelle rates appear as squared terms.

Similar treatment of the pitching moment and yawing moment
egquations results in the following final form of the moment
aquations.

Lagro = TxxP-Txg (RTPQ) + (I;-Tyy)RQ
-amyYy [Iyg cos (iyg-?) - Iyp cos (iyp=A)]

Mpppo = IvyQ = Ixz (R2-P?) + (Ixy-Izz)PR (3.25)
+ fNR {I§Yo + imy [XR cos (iyg=\) - 2R sin (iNR—A)U
+ Ty {I§y° + amy Xy cos (iyp-2) - Zp sin (iNL;*)q

Nagro = Tzz FIxz (B-RQ) + (Iyy=Iyy)PQ

+

lmNYN [ENR sin (iNR-X) - ENL sin (iNL‘X)]

where the moments Lagpro: MAEROr and Napro represent the sum of

the aerodynamic moments and rotor/engine gyroscopic moments

about the aircraft center of mass. Igy is the nacelle pitch
o L

inertia referred to the nacelle-fixed axes system described in
Appendix C. Equations for the aircraft inertias are also
presented in that Appendix.

3-8
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3.6 EQUATIONS OF MOTION FOR NACELLES

The equation of motion for a nacelle is required in order to
obtain the moment exerted by the nacelle on the wing tip at
the pivot. This moment is then used in the equations for wing
twist.

The angular nomentum of a nacelle about its pivot point is
given by

h (r-rp) x myV + hp
P = N (3.26)

mp (xxV) + hy - mpury x V

where 1r is the radius vector from aircraft c.g. to nacelle
c.g.

V is the velocity of the nacelle c.g.

is the angular momentum of the nacelle about its
own c.g.

my is the nacelle mass

and Iy is the radius vector from aircraft c.g. to nacelle
pivot

The term m, (rxV) + h,  is the angular momentum of the nacelle
about the aircraft c.g. (= ggc).

i = hphN -
i.e. hp = hgg mN(g_p xV)

The moment about the pivot is

Gp = idgo_ = ir_l—l\]- - mn _d___ (Ep X \_’) = —gG - .9_ (3-27)
- dt dt dt

Since the quantity GN_ has already been obtained (equations

2c
(3.18), (2.19), and (3.20)), only the remaining term needs to
be evaluated,

L}

or 8V
AG = my & (xpxV) mN{_:E xV+1r,x Ei + 2(rp x 29

dt st
. (3.28)
= my {Eéﬂ x(ié + axr] + xr, x L. (ié + ng)
ét st ~ ft 16t
+ 8 X [rp x(ié + Q x 5)]
- st

3-9
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Expansion of these terms results in the following expression

8r sr sx ir §2r aQ
AG = my{—R x = + g(r._:E)-r = )+ x = + = (r.xp)
- it 6t ~ st ) Tlit st 6t
§Q sx ir
- X ro~—=+9 — . -2—-: r.f‘
= (—p st) (5t -19 e U 2 (3.29)

+rp (%% .g) - (Ep'&)(SFE{}

We require only the j component of this vector in order to ob-
tain the nacelle pivot pitching moment.

The components of the vectors rp, r and ¢ are
5 8 N A . A A
Ip ‘{pi t ANl Zp.].c.. = = Xegl t Yyl < Zcgk

= X1+ ¥ + Z.k
= XNi N2 AS

|H

N

A A A
@ =Pi + Qj + Rk .
. - . - sx S . .
Noting that the j components of =B, _= are zero (since Yy is
. &t .,
a constant), the above expre551onty1ei§s

Al = mN{XNZCG—ZNXCG + ZCGXN + ZNXCG + PQ YNZN

(3.30)
- RQ xNYN]

Combining this equation with Equation (2.19) and using the
transformations given in Appendix C, the final equation for the
right~hand nacelle pivot actuator pitching moment becomes, after
some simplification,

. - N ) mN ~ - my N
A‘INR-—"J.NR Iyyo + x.‘-m:i (l" ‘—m‘)-].‘-mN (J.“"I‘I'{‘)Q“PR cOs 2(iNR-‘\)

. N
+(R2-P2)sin (iyp~1) Cos (i -xﬂ - (R%2-p2) 1 sin i i
NR NR ) Izzg NR €95 ing
- I : mN (¥4 : : .
yyo Q + 2 -;1- LAEROS1IN (J.NR")\) + ZAERO cos (lNR‘H\)]

- amy¥y {(R-2Q) sin (iyg-3) - (> + RQ) cos iyr-))
(3.31)
+ 1
NRAERO

where MyRappy includes the moment resulting from nacelle aero-

dynamic loads and the rotor gyroscopic moments. The terms

XAERO and ZAERO are, respectively, the c¢otal aircraft aerody-~
namic X and 2 forces.

3-10
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The corresponding equation for the left nacelle actuator moment
is obtained by substituting -YN=YN and changing the R subscript
to L.

3.7 DETERMINATION OF ROTOR GYROSCOPIC MOMENTS

The gyroscopic moments are most readily obtained as follows.

A set of axes O"x'y'z' is tak-.n at the rotor Lub (rotor c.g.)
parallel to the nacelle-fixed set of axes Ox,Y,Z,. Associated
with each axis are the corresponding unit vectors i' j' and
k'. The angular velocity of the rotor with respect to these
axes 1is the vector

w = Qgi’ (3.32)
where Qp is the rotor rotational speed.

The angular momentum of the rotor with respect to its c.g. is

hy = Ipe
where iR is the inertia matrix IRx'
I
Ryl

Ig,

the off-diagonal terms being zero since the axes O"x'y'z' are
principal axes of inertia of the rotor and hub.

In component form the angular momentum of the rotor is

!

A
hy = Iny,nR_i‘_ = Ixagi' (3.34)

With respect to the inertial axes OYXZ, the compconents of hg
are

1,

. A .. A
Ao = IR%RCOS 1yxi = Ipfgsia igk . (3.35)

The hub moment is therefore given by

dh,  sh |
gHUB = __2 = i + 9. X }_}D (3-36)
st st
where g =P + of + &k (3.37)

Substitution of equations (3.35) and (3.37) into equation (3.36)
results in the following equations for the rotor gyroscopic
moments.

3-11
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Lgyro = IRQR cos iN - IRQR (iN"'Q) sin iN (3.38)
ngro = IgPQR sin iN + IRRQR cos iN (3.39)
Ngyro =-Ipfig sin iy - Ipeg (Iy+Q) cos iy (3.40)

The above terms appear in the Computer Representation (Appendix
E) as additions to the rotor aerodynamic forces and moments.

3-12
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4.0 AIRFRAME AERODYNAMICS

This section presents the mathematical equations and represen-
tations of the aerodynamic data for the aircraft without rotors.
The contribution of the rotors is described in Section 5. The
overall airframe aeroiynamics are obtained from the following
components:

(a) Fuselage

(b) Wings

(c) Horizontal Tail
(d) Vertical Tail
(e) Nacelles

The data and equations for each of the aerodynamic components
are discussed below, together with the substantiating methods.
The aerodynamic data are presentecd in local wind axes. Reso-
lution to aircraft body axes is accomplished as described in
the mathematical model (Appendix E). Where required, the
equations have been written so as to be applicable over the
entire range of angle of attack +180 degrees.

4.1 FUSELAGE

The aerodynamic lift, drag, and pitching moment coefficients

of the fuselage were estimated using the methods of Reference 3.
The forces and moments are referred to the point on the fuse-
lage corresponding to the wing quarter chord position. This
reference point was selected in order to minimize the number of
force and moment transfer equations in the mathematical model.
Wing-to-body carryover effects have been included in fuselage
loads.

The equations for the fuselage forces and moments are:

Lift: CLp = Kg42 * K3SinapCosap + K4SinepCosap|
SinaFC05aF|

Drag: Cpp = Cpog (1 + Kol#p|®)+K; (SinapCosap) 3+ Ky
| SinapCosap|+ ACDLG

Side Force: Cyp = K7 SingpCos3p + Kg Sin8pCos - S:a:ipCosep|

4-1
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Pitching Moment: Cy = Cug. * Ks SinapCosap + Kg SinapCosap|
F F

SinapCosap| + 4Cy .

Yawing Moment: CNF = + KgSinBpCosip + Kj(0SinBpCos3p |SinfpCosty]

Nop
Rolling Moment: CxF =0

L

- F
Tan l(g))CLF = —e——— etc.
% PVrus Su

g g c s t
= Tan —— o = etc.,
¥ us +u ]' & : 2Vius SuCi

and ACpyg, ACMpg. are the landing gear contributions to fuse-
lage drag and pitching moment coefficients, when the landing
gear is extended.

where ap

The fuselage forces and moments are then resolved into body
axes at the aircraft C.G.

4.2 NACELLES

The forces and mome.nts acting on the nacelles were estimated
using the cross-flow methods of Reference 4. For convenience
the resulting forces and moments are referred to the rotor hub,
so that they may be added direct.iy to the rotor forces and
moments. The following equations are for the forces and moments
on two nacelles:

C = K32 sin Gy COs @y

Ly

O
o
]

y = o * K3glayl + K3y ay?
ON
Cuy = CMOV + K34 sin ay cos ay + K3g sin aycos aylsin aycos ay|

= Kyg sin 8, cos By + Ky, sin 8y cos 3, |sin 3 cos 3]

Cyy = CNON + K3gsingycosB8y + Kyosin2y cos 3ylsingy cos syl

0

S -
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The nacelle forces and moments in nacelle axes are:

Ax& = qy sw[-cDN cos ay + cLN sin ang ~ CYN sin BN cos aN]%
' - - ; 1
AYN Ay SW[cYN cos B CDN sin BN] 5
82, = qy SW[-CLN cos ay - CDN Cos By sin a)p -CyN sin B8ysin QN]%

- (Eﬂ) . . 1
AIN = qy Sy byl- B, CMN sin By cos ay - CNN sin ayl3

- 1
sy d SWCW[CMN cos Ble

Cw
- N s
ANN qN waw[CNN cos ay b, CMN sin BN cos ale

4.3 HORIZONTAL TAIL

Aerodynamics of the hori:ontal tail were obtained using the
methods of Reference 3 in combination with test data. The
horizontal tail includes a plain elevator.

The angle of attack of the horizontal tail, including inter-
ference effects, for zero elevator deflection, is

=llw .
GHT = Tan [‘ng]- F o+ J.HT

where ¢ is the total downwash at the tail due to wing, rotor
and ground effects and iyp is the tail incidence angle.

The effect o. elevator deflection on the effective tail angle
of attack is introduced through the elevator effectiveness
parameter, typ, which is a function of the elevator and hori-
zontal tail areas. Thus the effective horizontal tail angle of
attack is

a = aqa + Tymd
eHT HT HT e
where g 1s the elevator deflection.

The tail downwash angle, ¢, depends on wing angle of attack and
on rotor slipstream deflection. At a given rotor angle of
attack, the slipstream deflection is a function of rotor thrust
coefficient, Cpg, where the coefficient is based on the slip-
S*ream dynamic pressure. Figure 4.1 pPresents data on downwash
angles measured during tests on a tilt rotor wind tunnel model
(Reference 5). As can be seen, the downwash at low values of
thrust coefficient is the same as the value of the power-off

4-3
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ROTOR THRUST COEFFICIENT, CTS

Figure4 .1 Variation of Horizontal Tail Downwash Angle with Thrust Coefficient

wing downwash (Ctrg = 0). Above values of Crg in the neighbor-
hood of Crg=.5 the downwash increasas with increasing thrust
coefficient. The values in the increasing portion of ¢ vs Crg
were found to correspond approximately to the slipstream deflec-
tion angle =,. Therefore, the approach adopted in the mathe-
matical modeE was to test if the rotor slipstream downwash

(7») exceeded the wing downwash and, if so, to use the computed
slipstream downwash value as the tail downwash angle. Other-
wise the wing downwash value was used.

Thus if
- » 4€ (3., - W
Ep 2 %o da (°w g'AC 62}

then ¢ = tp(i-GEF)
Y1-M¢

e e et
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otherwise
d - w. 1-GEF
¢ [EO ' a: (ay Zac o< ﬂ ¢ 1 M;l

In these expressigns e, is the wing downwash angle at zero wing
angle of attack, 8¢ iS the downwash derivative, Lac is the

Q
distance from the wing to the tail aerodynamic cei “ers, and
LAC g? is the familiar downwash lag term. In general, the

quantities e, and %% depend on the average of the left and

right flaperon deflections. The effect of differential deflec-
tion of aileron/spoiler in producing an asymmetrical downwash
field at the horizontal tail was not included because of the
small contribution this makes to total aircraft rolling moment.

The term (1-GEF) in the above equations is the ground effect
factor. This quantity was obtained from Reference 2 and is a
function of the wing span and height of the horizontal tail
above the ground (Appendix E, Page E-42). This factor, when
multiplied by the downwash which would be found out of ground
effect, yields the downwash in ground effect. Ground effect
is discussed in more detail in Section 8.

The lift and drag forces acting on the horizontal tail are re-
quired over the complete range of angle of attack =-180° to
+180°, since the tilt rotor can fly backwards. The following
sketch shows the schematic variation of lift and drag coeffi-
cients over this range plotted as a function of the effective
horizontail tail angle of attack, agyrp.

4-5
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CL .
C a
1¢ a Pa
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a
e
-180 -90° G&_ ° a, \/
. 90° 180°
lc, &
CL 3_ 2 La
[+ 3
lol‘
Cp
——t [+
e

The angle of attack for CLHTMA is dencted by ayp, and is the
value of the effective angle o% attack at the stall less 2
degrees i.e,
A -
aur, = (OHTgpary "¢7) * Tarle
Similarly the angle of attack for stall at negative angles of
attack is

A
ST, ® ~(HTgripp "2°) * tyrie

The slope of the lift curve within this range of positive and
negative angles of attack is given by

a
C; =2C -2-)
L Lua'r( a
V1-M<

where ag/a is the ratio c¢f tail lift-curve slopes in and out of
ground effect, and v1-M- is the Prandtl-Glauer: correction
factor for the effect of Mach number on lift-curve slope.
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Within this region on the 1lift curve the value of 1ift coef*©i-
cient is given by Cryr = CLy ¢egT and the corresponding drag
coefficient by
ot
HT
c = C +
DHT DOHT HAR HT eHT

After stall angle of attack is passed the lift is assumed to
fall linearly to zero at ag, = +90°.

In these regions the lift is given by
A
wn -
CLQ = CLQ d:‘_ (;90 aeHT)
A
(190_“HT+1
where the appropriate signs are taken depending on the sign of
The «zorresponding drag is obtained by assuming a linear varia-

tior. of drag from the value of Cryay to a value of Cp = 1.1
(flat plate normal to stream) at ieyqm = 90°. Thus

A
CL = Cr_ SHT
+
BT grarL * ~-
C = CD + C2
HTsraLL Oyr  “HTgparp
1AR HT eHT
and A
CD = + (a = ayr (1 I-CD )
HT HTSTALL T + TSTALY

(:90‘SHT+)

If the effective angle of attack of the herizontal tail exceeds
+90° the tail will polint trailing-edge first into the relative

wind. Under this condition early stalling is precipitated be-

cause of the sharp "leading edge" and blunt "trailing edge".

In order to represent this, it was assumed that the attairable

Cimpx ©f the tail under these conditicns is half that occurring
in normal flight.

Thus if 90° < a < (180 = 1 dyp )
1A .
or (-180 + 3 OHT,) < %eyn < -90°
4-7

N

s el el S



D238-10002-1

tl.en -90°)

= .5C; & (ag
LyT ° Lu HT_ HT x
(90°" "|2_]'HT_)

or (quT + 90°)

A
CLHT = .SCLQ U-HT+ ~
("‘90 + % QHT+)

The correspcnding drag coefficients are:

for 90° < ay _ < (180 - L4 i
H

T — 2 HT.
A
CLH—' = 0-5 CL QHT_
~STALL a
z e
L T *Dp
Dy = HTgTaLL OuT -
STALL BT p— ;
A
. . .5 -180°) (1.1-C
which gives Cp = Cp. . + (epp * 0.5 enr_ A DiTgrALL’
STALL 0.5 agT_-90°
- 1+
- + = < —90°;
and for (-180 > “HT+) < Cepn .
c 0.5 CL. &
L = 0.5 CL_, GHT
HTgrarL % +
c “Lyr * Cog
D - -
HTgraLL STALL BT
ﬂARHTeHT
A
. . (a, +180°-.5apy ) (1.1-Cp .
which gives CDHT = CDHT eyT HT, PHTgraLL
STALL x )

(o SaHT+_90 °

In the range (lBO—.S&HT_) S Geyp L 180° when the tail has

unstalled
C = C (a - 180°)
Lyur Ly " enr
c2
COpr = CDoyp * _ Lt
t ARHTEeHT
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A
and similarly for the range -180° < ag.. < (-180 + .5 ayp )
= + e
CLyp = CL, (Geyp * 180°)

cf
CDum = Cpn.. + Lur
HT O -
HT TARgq CHT

. The above equations define the variation of tail 1lift and drag
cver the entire range of angle of attack. The tail pitching
moment is not computed since it makes only a small contribu-
tion to the total aircraft pitching moment.

4.4 VERTICAL TAIL

The aerodynamic forces and moments acting on the vertical tail
were estimated using the methods of Reference 3. The angle of
attack of the vertical tail is given by

-liv
a = - Tan vT + B do
VT T F|ds
/Ay tWiyT

where uyp, Vyr, and wyp are the components of the velocity at
the vertlical tail aerodynamic center as given in Appendix C.

The term Bp [49' is the sidewash correction for the presence

of the fuselhgg.

As in the treatment of the horizcntal tail, the effect of
rudder deflection is obtained using a rudder effectiveness
parameter T;m- Thus the effective angle of attack of the
vertical tailil when the rudder is deflected is

Yeyp = 2yr * TV SRUD

The treatment of the vertical tail aerodynamics through the
complete angle of attack range ~180° to +180° then follow= the
same lines as that for the horizontal tail aerodynamics p .-
viously described.

The vertical tail forces and moments in body axes are then ob-
tained from:

VT - .
XAERO = ISyThyT [’CDVT cos (2yqp-3)cos (agp-iyp)

- CY s;n(BVT-:)cos(aHT-iHTﬂ

VT
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vT -

Y = gSymN [C cos (8y,m~c) =C sin(8y,n=a)
AERO VIWT | “Yyo VT Dy VT

VT _ .

ZAERO = qSVT“VT[}CD cos(BVT-o)s:Ln(o.HT~1HT)-CY 51n(BVT—c)

VT VT
s;n(aHT-luT)}

vT VT VT
Maero = ZaEro ¥cgXvp! * Xapro (Zyr~Zcg!

VT VT

Nagro = ~Yapro (Xcg=Xyr)

VT VT

LAERO = = YAERO (2yT-2CG)

4.5 WING AERODYNAMICS

The treatment of the wing aerodynamics is the most complex of
all the components. Because wing flexibility must be repre-
sented, each wing panel required a separate treatment. The
approach adopted for simulation purposes was first to obtain
the aerodynamic forces and moments on the complete wing con-
sidered as rigid and uninfluenced by slipstream interference
effects. With this data as a basis, the effects of elastic
deflection were introduced as an increment in the effective
angle of attack of each wing panel and the rotor slipstreeam
interference was then calculated. This approach is described
in detail below.

4.5.. BASIC WING AERODYNAMICS

The basic wing lift, drag and pitching moment coefficients for
the wing in the presence of the fuselage rotors-off, were cal-
culated using the methods of Reference 3, This data is appli-
cable to low speed flight. Corrections for Mach number effects
are introduced through the Prandtl-Glauert factor »1-M-. Be-
yond stall angle of attack, the 1ift, drag, and pitching

moment curves are extended linearly to +90° angle of attack in
order to provide a representation of wing behavior at low
transition speeds when wing angles of attack approach 90°. The
data was calculated for the complete range of flaperon settings.

The complete wing basic lift, drag, and pitching moment data
also applies to each individual wing panel provided the data
is obtained at the appropriate panel angle of attack. This
approximation is acceptable if the angles of attack of each
wing panel are not substantially different. This condition is
normally fulfilled.

4-10
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In addition to the above data, the effects of spoiler deflec-
tion on panel 1lift, drag, and pitching moment are required.
These were estimated using the data of Reference 3. As can be
seen from the equations presented in Appendix E the spoiler
effectiveness is strongly dependent upon flaperon deflection,
a result of the spoilers being slot-lip spoilers.

4.5.2 ROTOR SLIPSTREAM INTERFERENCE

Before the basic wing aerodynamic data can be utilized in the
calculation of the wing forces, the effects of the rotor slip-
stream must be calculated. The calculation procedure presented
here has been developed and used at Boeing for some years, and
gives acceptable agreement with wind tunnel test data on a wide
variety of both tilt rotor and tilt wing configurations.

Thie method uses momentum theory to obtain the direction and
speed of the rotor slipstream in the neighborhood of the wing.
From this the effective angle of attack of that part of the
wing that is immersed in the slipstream is calculated. The
lift, drag, and pitching moment on the wing are then calculated
for this ungle of attack as if the entire wing were immersed.
The area of the wing immersed in the slipstream is now computed
and, using the ratio of the immersed to total wing area, the
forces acting on the immersed portion are approximated.

At the angle of attack of the wing outside the slipstream, the
wing forces and moments are obtained from the basic wing data
as if no slipstream effects were present. These forces are
then scaled by the ratio of unimmersed to total wing areas to
obtain approximately the forces acting on the unimmersed wing.
The sum of the approximations to immersed and unimmersed wing
forces is now formed. This sum is then multiplied by a correc-
tion factor to obtain the final forces.

This correction factor is obtained from a consideration of the
mass flows associated with the rotor-wing combination. In the
following outline of the method only one rotor is considered.

From the following sketch, which shows tne forces acting on
the r»>t.r, the inclination of
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the resultant force on the rotor to the freestream direction
is given by

TR = ag + Tan~1 (%?)

The resultant force on the rotor is

R = /T¢ + NP< + SF¢
where T, NF and SF are the thrust, normal force and sideforce,
respectively.
The mass flow through the disc is

m=p AV

where A is the disc area and V' is obtained from the induced
velocity triangle at the disc plane.

VARES /(Vo + vy cos <)% + (4 sin T)*
The resultant force on the rotor is related to the mass flow
by

R=2mvi=2pAV’ vi

From these equations the following quartic equation is obtained

for the induced velocity at the disc.

Ve + 2V,v] cos t + vE V2=

where the nondimensional notations
\41 Vo

Va = \‘7‘ R ———
/R /R
2pA 2pA

have been introduced.

4-12
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This equatiqn is then solved for v and the direction of tae
slipstream just behind the rotor disc is calculated from

¢p = ran~! [vesin 1
V4COSs 1+Va

The rotor thrust coefficient CTS is defined as

T
Cr. = (35T
g + T)A
S X NOTE: Because the rotor diameter
to wingchord is large the

slipstream is considered

with T = R cos (1 - aR) .
to be uncontracted in the
. . - :
and q = 1 oy = 1 V2R vicinity of the wing.
2 4
then CTS = cos(t=aR)

cos(r—aR)+ Vi
1

The aspect ratio of the slipstream-immersed wing area is given

R,= 51
i o2
where S; is the immersed area calculated by the method de-
scribed in Appendix D, and c¢ is the wing chord.

The lift on the wing, if the slipstream were absent, is obtain-
ed by calculating the effective angle of attack of the wing
. =1 WW
6o = Sin —_ + 8¢

Yul+w?
w W

where wy, u, are the velocities at the wing aerodynamic center

and ¢, 1s the elastic twist at the point. The lift coefficient
(C¥*) Eor this angle of attack is obtained from the aerodynamic

da%a for the appropriate flaperon/spoiler deflection.

Similarly the lift (Cﬁ) and drag (Cp) coefficients of the wing
in the slipstream (asSuming wing is completely immersed) are
obtained fromthe aerodynamic data at the angle of attack

e T 2A—E

) e}

The total 1lift coefficient of the wing with slipstream is
therefore

4-13
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= 1 1S " - " : - _Si
CLs KA[1§-(CL COS ¢ CD sin )+ Ci (1 CTS)(l :;ﬂ

where

L
CL=
S dgSy
in which qg js the nominal slipstream dynamic pressure, defined
byqs=q+x.

The factor Ki is a correction factor to account for the fact
that the lift-sharing between the immersed and unimmersed por-
tions of the wing is not simply proportional to the respective
areas.

From considerations of the mass flows associated with the
wing-rotor combination the factor Ki was obtained in the form

CL .
K! Vx + al  va

[¢3

Ve + Vx

where, from wing theory,

1

_ai = 1+Cg [? -1 ]
= P E S
L — |®R; AR

The Qrag and_pitching moments for the wing with slipstream are
obtained similarly and are given by:

S; S.
C. =K'\ = (C" sin e + C" * (1-C_ ) (1-2%
Dg A{ S 'L ¢ p €os e} +Ccr U CTS;(l s)}

s; ., S5

The rolling moment and yawing moment coefficients for the
wing are given by:

= (Kop+ Koq Cy) (1-Crh )8+ ¥ (Ejifg L - Cf
P 20t K21 Cp 75! 85 Yac {Tony LW Lrw

C =
+ AC
x%powza
C Ks, Cr2(1-C.. )8 Y (l-CTS)
= - + * - C*
ns 22 "L Ts"F AC  2by (CDRW CDLW)
+AC
Ns
POWER




where the increment in rolling moment due to power

ACISPOWER i %{{CLS ~H CTS)CL ][ é ( )LJ
—[CLSR»: - (1- cT ) Cﬁnw -5 J}

and the increment in yawing moment is
1 (r =
AC = - C - (l-c )C* ] -
ns 4 {1 Ps Ts' Drw

POWER
-1CD - (1-Cr.)CH -
| 5w §" DLy

j=
n

).
,.]
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is

Figure 4.2 shows a correlation between the wing-in-slipstream
method described above and experimental results for the Boeing
Model 160 tilt rotor aircraft. As may be seen the simple
treatment gives acceptable predictions of wing forces and

moments.
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Figure 4.2 Correlation of Theory with Test for Predictions of Slipstream Forces and Moments
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5.0 ROTOR REPRESENTATION

The mathematical representation of the rotor for the 1985
transport is based upon full scale test data obtained on the

26 foot rotor for the Boeing Model 222 tilt rotor. The test
data was curve-fitted and scaled by solidity to yvield egquations
suitable for representing the 1985 transport rotor. Where test
data was not available, the rotor performance was calculated
using Boeing rotor performance computer programs. The use of
mathematical expressions for the rotor forces and moments re-
sults in maximum computational efficiency and minimum cycle
times. This method is preferrable to table look-up procedures.

5.1 Sign Convention

The sign convantion for rotor forces and moments is defined in

Figure 5.1, which shows the rotors under combined pitch

(a = 1y + ap) and sideslip 8. The resultant rotor angle
T.% N B

of attack is given by

1

agp = cos” ' (cos ap 1, cOs §)
and the rocor disc "sideslip" angle is
ran"] Tan B8 n
= Ta ———e
CH n Sin am 1. J

The resulting rotor forces and moments are defined with respect
to the plane containing the resultant rotor angle of attack
e.g. normal force lies in this plane while rotor side force is
perpendicular to it.

5.2 1Isolated Rotor Aerodynamics

The eguations used to represent the isolated rotor aerodynamics
are presented below. The equations are used to compute the
rotor wind-axes forces which are then resolved through the
rotor sideslip angle into nacelle axes and hence transferred

to aircraft body axes for use in the equations of motion.

5.2.1 Thrust Vs g&75

The thrust produced by the rotor at any flight condition is
obtained from the following egquations

0 = 855 - tan-l[y—o—?%ss——g-] - 6.3015: + 5.5816L°

- 8 u sin « + 1.115 (1)
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and Cp is given by
Cp = 0.000679 ¢ + 0.000015 ¢2
(2)
+ 0.0022 x4 + 0.000211u2%9

5.2.2 Thrust Vs Power

Once thrust has been established the power coefficient is given
by

Cp = 0.00006 + 0.00057 u + 0.000085 w2 + 1.12 Cp3/?
- 0.024075 Cp + uCp (0.53 + 0.456 u =39.937 uCp
+ 31.79 Cp) + [0.0115u - 0.03u2 - Cp(3.4u -8y2)]{2RAD)
m

0.22064: (Cp + 0.001971) sin « (3)
+ (0.3082u - 2.18u2) Cp sin «

5.2.3 Normal Force

Normal force is obtained as the sum of three terms ,

CNF = F(u,a,Cp) + 2CNF A + 3CNF By (4)
A1 3Bl

where the cyclic pitch derivatives are functions of x, u, and
C
T-

In performing the analysis the cyclizc derivatives were first
defined as:

SCNF .
A, = 0.00002175 + 0.0014483u‘ - 0.0000734.
1 (5)
- 0.0006u sin 2z + 0.00425 Cp
and
3ChF
3B, ° 0.0000425 - 0.0010492u - 0.0017028u?2

(6)
+ 0.0017892y sin a - 0.0245 Cp

The following expressions may be used to calculate normal force
with zero cyclic pitch.

5-3
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For 0 < u < 0.6

CNF = CNFj = 0.068u? sin 2a + [0.133695uCy o
+ 56.11ly Cp? (1-u) JK
where K = sin a for a > 20°
and K = sin a(10-0.450°) for 0 < 2 < 20

For 0.6 < u
Cyr = (CnFp) (1-0.8(v-0.6)) (8)
5.2.4 Side Force
Side force is definegcin a simi%ér manner to normal force
Cgp = F(u, Cp, ) + §K%£ Ay + %E%E 33 (9

where the cyclic derivatives are given by:

3CgF

=5 =-0.0000328 + 0.0003119u + 0.0013178u2
1 (10)
+ 0.0189 Cp - 0.001342 p sin «
and
BCSF : .
55;— = 0.00001.683 + 0.00112081r% -~ 0.0000568u (11)

+

0.00328 Cp - 0.00052438 w sin 2u

The side force it zero cyclic is given by the following equa-
tions:

Cgp = 0.00430 u sin 2 - 0.0028827 u (agap) -
(12)
+ 0.012 u sin a Cp (90-%°) + 2,19 sin x Cp
where 4° = tan™! [Elii_iii_i] (13)
ui sln o
and uy = [((u“ + cp) /2 - uz) /2]1’: (14)

5-4
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5.2.5 Hub Pitching Moment

Pitching moment is computed in the same manner as normal force
and side force.

- 3CpM + °CpM 5
C F RPM, Cp) + °ZPM A —EM B (15)
PM (ay u, ¢« Cr) SAT By L

where the cyclic pitch derivatives are functions of 2, ., RPM
and Cm.
T

3¢
ZEM . 0.0001620 + 0.00036652y
A7
- 0.00056151u2 - 0,00000591u (RPM-298) (16)
+ 0.0002826yn sin 2a + 0.0015 Cp
and
3C
B 0.0000860936 + 0.0000564.
Z)Bl

+0.0003385u% -0.0019 Cr (17
-0.00000551u (RPM-298)
+0.00048791n sin «

Cpy = 0.009950 u sin 2 -0.010960:° sin «

+ 0.00628126 » sin 2. - 0.0057743 u sin (EEM) (18)

+ (1.802 u sin « - 7.56 {u sin ) )Crp

5.2.6 Hub Yawing Moment

The yawing moment & ivatives due to cyclic pitch are similar
to the pitching moment derivative® and are givern by

ICyM
;XI— = ~-0.000086093 + 0.0000612 u

0.0003385 % -0.0019 Cp (19)

-0.00000551 u (RPM~298)

+0.0003 u sin «
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and

B, = —0-0001620 -0.00086652 &
+0.00056151 12 + 0.00000591 u (RPM-298) (20)
-0.001 Cp - 0.0003638 y sin 24

The yaw moment at zero cyclic pitch is given by the following
equations

For 0 < uw < 0.37

Cyy = (0.018369 u -0.0007)wsin o ~1.2 42 Cyp sin o

+ 10.00631 -0.002604: -0.004877 | REM —ﬂ] Y 1sin =
2938 JJ 258
(21)
and for . » 0.37
Cym = (0.01916 - 0.15321 (v -0.5435)°) sin
\22)

- 1.2 .2 Cp sin =

5.2.7 Pitching Moment due to Pit h R.te

dCpMm
1000 @ - 1.5 + u 0 < w < .2
= 0.25 + 7.26 u .2 < u < .39
= 4.1681 -2.79 u wo> .39

5.2.8 Yawing Moment due to Yaw Rate

dCym dCpm
dR = T dQ

5.3 Rotor/Rotor Interfereace

A prcecedure for calculating rotor-on-rotor interference effects
is included in the mathematical model. Rotor-on-roter inter-
ference arises during sideward flight at low airspeeds with

the rotrrs up and, to a lesser exten*, during slipped flight in
the transition configurations. The basis for the method is as
follows.
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The above sketch depicts the tilt rotor aircraft flying side-
wards at low speewu. The wake of the upwind rotor interferes
with the inflow to the downwind rotor producing a change in
this vrotor's forces ard moments.

Reference 6 presents calculated values of the normal component
of the induced velocity near a rotor having a triangular disc
loading, for different wake skew angles, . This data is used

to compute an interference angle at the downwind rotor. The
interference angle is subtracted from the isoclated rotor angle

of attack and the resulting angle of attack is used in the cal-
culation of the forces and moments. The rotor/rotor interference
effect is washed out with nacelle angle and sideslip angle so
that there is no interferxence at the high end of transition and
in cruise. The equations used to calculate interference are
presented in Appendix E under the rotor/rotor interference section.

5.4 Effect of Wing Upwash on Rotor Performance

The rotor operates in the upwash field associated with the lift-
ing wing. Thus the rotor behaves as if it were operating at

an increased angle of attack. The effective upwash angles were
calculated using lifting line theory. In the mathematical

model the upwash angles are input in the form of a table of up-
wash angles as a function of wing lift coefficient, and nacelle
incidence angle.

>y
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»1 Control Arrangement

Control of the 1985 tilt rotor aircraft is accomplished by uti-
lization of longitudinal cyclic, differential longitudinal
cyclic, collective and differential collective pitch, in con-
junction with the airplane control surfaces. The airplane
control surfaces consist of conventional elevator and rudder
and a flaperon and spoiler arrangement. The primary controls
in each axis for each regime of flight are shown in Table 6.1.

The rotor controls provide a major portion of the control capa-
bility from hover through the low transition speed range, but
airplane surface controls are operative in all regimes of
flight, including hover. The rotor controls are phased out
during transition as nacelle incidence decreases, speed in-
creases, and the airplane controls become more effective.

6.2 Longitudinal Control

Longitudinal control in hover is provided by longitudinal cyclic
pitch. This is phased out through transition as the elevator
becomes more effective. The elevator provides lor.gitudinal
control in the cruise mode.

6.3 Lateral/Directional Control

Roll control in hover is accomplished by differential collec-
tive (thrust) and yuaw control by differential longitudinal
cvclic (thrust vector tilt). Differential engine power is pro-
vided {(via the governor) to ensure maintenance of roll control
in the event of cross-shaft failure and also to minimize cross-
shaft torque.

In transition, differential collective and differential cyclic
per inch of control movement are scheduled as functions of
nacelle incidence. Longitudinal and lateral cyclic, elevator
angle and flap deflection are also scheduled with nacelle angle
to provide a -iyntrols-fixed trimmed condition through transi-
tion.

In cruise, lateral control is provided by flaperon/spoilers

and rudder. The flaps are full-span, single-slotted of 30 per-
cent chord with a fixed hinge point 14.6 percent below the wing
chord line. The flaps act as tlaperons for roll control and
deflect downward to a maximum of 20 degrees from the nominal
flap setting. Maximum incremental 1ift from the flaps is at-
tained at approximately 35 degrees deflection and the maximum
rolling moment occurs at the same time, so the flaperon de-
flection for roll control is limited to a maximum total flap
deflection 2f 35 degrees. L.f, for example, the flaps are
symmetrically deflected 30 degrees, only 5 degrees additional
deflection is utilized for roll control. Full-span spoilars

h-1
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TABLE 6.1 FLIGHT CONTROLS

FLIGHT MODE

PRIMARY CONTROLS

Helicopter (Hover)

Pitch
Roll

Yaw

Height Control

Longitudinal Cyclic
Differential Collective

Differential Longitudinal
Cyclic

Collective/Engine Power

Tcansition
Pitch Longitudinal Cyclic and
Elevator
Roll Differential Collertive,
Differential Longicudinal
Cyclic, Aileron and Spoiler
Yaw Differential Longitudinal
Cyclic, and Rudder
Airplane
Pitch Elevator
Roll Aileror and Spoiler
Yaw Rudder
6=-2

.



D238-10002-1

of 12.7 percent chord are located »rward of the flaps and
hinged to the rear spar. The spoilers are "slot-lipped", i.e.,
they open up the slot forward of the flap with the flaps ex-
tended resulting in a large increase in roll control as com-
pared to the control power with flaps closed. Maximum deflec-
tion of the spoilers for roll control is 45 degrees from the
closed position.

Maximum spoiler rolling moment coefficient is also attained
with flaps deflected approximately 35 degrees. Spoiler effec-
tiveness with the flaps retracted is approximately one-third
that attainable with the flaps extended.

The spoilers and flaps are also used in conjunction wi+th down-
load alleviation devices, referred to as umbrellas, mounted on
the leading edge of the wing for download relief in the hover
and low speed range. The umbrellas are 1§.6 percent chord on
the upper and lower wing surfaces. Maximum deflections of the
surfaces for download alleviation are: flaps 70 degrees,
spoilers 110 degrees from closed, and umbrellas aft-edge-of-the-
upper surface up to 20 degrees from vertical and aft-edge-of-
lower-surface down to 10 degrees from vertical. The umbrellas
and spoilers retract at 50 knots automatically.

6.4 Thrust/Collective Control

In hover, forward motion of the thrust/collective lever mechan-
ically commands both dincreased collective pitch and increased
power. The governor provides a fine adjustment to the collec-
tive pitch to maintain rpm. Over-travel of the pilot's levo:r,
beyond the normal max puwer position, provides a collective
pitch landing flare capability. The over-travel is entered by
going through a "gate", which shuts down the rotor governor and
leaves the pilot's lever directly connected to collective pitch,
as in a helicopter collective pitch lever.

The collective pitch is also scheduled through transition as a
function of nacelle incidence, minimizing the adjustment need-
ed from the governor.

In cruise the mechanical interconnection of the thrust/collec-
tive lever with collective pitch is phased out completely so
that a pure power demand system with governed pitch, like a
conventional fixed wing airvlane, is provided. The control
system block diagrams are shown in Appendix E.

6.5 Control Feel

Control force gradient variation with dynamic pressure pravents
excessive sensitivity of control at high speed. The force
gradients of the primary controls (longitudinal and lateral
stick, and pedals) are varied linearly with dynamic pressure.
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The rudder and elevator deflections vary linearly with pilot's
rudder pedal and longitudinal stick travel. Aileron deflection
is programmed linearly and spoiler deflection non-linearly with
lateral stick deflection, to provide near-linear rolling moment
effectiveness to near cruise speed. As mentioned earlier,
spoiler deflection is limited at high speed by limiting the
actuator capacity. The control breakout forces and force
gradients are shown in Appendix E.

6.6 Stability Augmentation Systems

Stability augmentation systems are provided to enhance aircraft
flying qualities. The system consists of longitudinal, lateral
and directional SAS. The longitudinal stability augmentation
system incorporates a pitch rate feedback and a longitudinal
stick pickoff. 1In addition, a pitch attitude signal is in-
corporated to provide some degree of attitude stabilization
without the autopilot. (An autcpilot is not represented in
this simulation.) hese signals are shaped and put through

an authority limit. The longitudinal SAS commands longitudinal
cyclic pitch to provide the required damping in hover and
transition. It is not required in the cruise mode and is
phased out at 175 knots. The block diagram of the longitudinal
SAS in given in Appendix E.

The lateral stability augmentation system is operative in all
flight modes. It consists of roll rate feedback for increased
damping in roll, a roll attitude feedback. to provide roll atti-
tude stability, and a lateral stick pickoff. 1In addition, a
sideslip feedback is incorporated to compensate for dihedral
effect. A lateral SAS authority limit is incorporated in the
circuit. The output of the lateral stability augmentation sys-
tem is input to the control system in terms of equivalent
lateral stick, since the drive actuator is in series with, and
comnands the same control as, the pilots lateral stick contrel
linkage. The lateral SAS never opposes the pilots' command.
The block diagram of this system is shown in Appendix E.

A directional stability augmentation system is pr-vided and
operates in all flight regimes. The yaw channal consists of
yaw rate feedback for increased directional damping in hover
and low speed flight modes, yaw attitude feedback to pcsovide
yaw attitude stability, and a rudder pedal pickoff for quicken-
ing. Directional damping provided by the rotors is quite high
in the higher transition and cruise speed ranges. No aadition-
al yaw rate damping is therefore needed in cruise. A feedback
is provided to modirfy the effective yawing moment due to roll
rate which exists in the basic unaugmented aircraft configura-
tion in the cruise speed range. A directional SAS authority
limit is incorporated. The SAS command is input to the control
System in termes of equivalent inches of rudder pedal. The
block diagram for the directional stability augmentation system
is shown in Appendix E.
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6.7 Thrust Management System

The thrust and power management system for a tilt rotor air-
craft must be compatible with both the helicopter and airplane
configurations. Thrust control for the hover task, rpm control,
gust response (especially in the cruise flight regime), and
effect on aircraft flying qualities must all be considered.
Classically, helicopters have used collective pitch demand to
control thrust and fuel governing to control rpm while fixed-
wing aircraft have used fuel flow demand to control thrust and
collective pitch governing *o control rpm. Each system has its
advantages. For a tilt rotor aircraft it is desirable from a
practical viewpoint to have one type of governing for both the
helicopter and fixed-wing flight regimes. Collective pitch
governing was chosen for the 1985 tilt rotcr for several rea-
sons:

0o It is more readily adapted to the hover flight
regime than the fuel governor is to cruise

o It has better gust response characteristics
o It is fast acting and has high accuracy

o Thrust response to pilot control can be easily
shaped with feed forward loops

o It has been demonstrated successfully in hover,
transition and cruise in the CL-84 aircraft

With collective pitch governing there are two areas in the
thrust management system to be considered: (1) design of the
collective pitch governor; and (2) the feed forward loops for
shaping pilot thrust control. The block diagram for this sys-
tem ic shown in Appendix E.

The governor was designed to meet the following objectives:

(l) 0.3 percent steady state error in 2.5 to 3 seconds; (2)

2 percent rpm overshoot; and (3) satisfactory effect on air-
craft flying qualities in the all-operational mode (i.e., all
aircraft components operational and performing as designed).

A single governor reference that uses the rpm signal from each
rotor and averages them satisfies the design criteria. To
achieve the regquired accurdacy end transient response goals,
integral as well as propc-.tional feedback of rpm is necessary
in both the hover and cruise regimes. Governor gain is schedul-
ed with nacelle incidence to maintain a near optimum level of
governing throughout the flight envelope. Gains are varied
linearly as the rotor rpm is changed from hover to cruise. The
second requirement of the governor system is shaping the rotor
thrust output for a pilot throttle input. Considerations ir
determining the proper shaping include:

6-5
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(1) throttle sensitivity
(2) time constant to reach 63% of steady-state thrust
(3) allowable thrust overshoot

Variable pilot's control sensitivity is employed to give the
optimum sensitivity in the hover power range yet maintain full
power control within a reasonable throttle throw (8 inches).
Shaping of the pilot command with collective quickening is
used to improve the thrust time constant and thrust response
transient shaping so that the pilot may perform the precision
hover task with a minimum of difficulty. In the cruise regime,
shaping of the thrust output is unnecessary and is phased out
during transition.

The thrust/collective pitch control system is designed in such
a manner that, during hover, when the pilct moves his control,
he commands both a change in engine fuel setting and, mechanic-
ally, a change in collective setting. The governor then oper-
ates with a time lag to trim the collective to _Lhe value re-
guired to maintain rpm. The mechanical collective change
feature is washed out as a function of nacelle incidence so
that when nacelle incidence is decreased to zero, the pilot
commands only engine fuel.

6-6
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7.0 ENGINE MODEL

This section describes the representation of engine performance
and dynamics. The basic engine cycle performance data consists
of tabulated values of four variables: power, fuel flow, gas
generator shaft rpm, and power turbine shaft rpm. These para-
meters are a function of Mach number and turbine inlet tempera-
ture. All data are in referred, normalized format as shown in
Table 7.1. Because of the normalized, referred format, all
data are valid for any ambient conditions. The effects on
engine performance of operating at non-optimum power turbine
spe2d are included in the model. The referred format also
facilitates the inclusion cf engine thermodynamic and mechanical
limits. Limitations on engine cycle operation may be input in
any combination of the following: fuel flow, torque, gas gen-
erator speed, gas generator referred rpm or output shaft speed.
The flow charts which describe this routine mathematically are
shown in Appendix E, and the performance data in Appendix F.

A simplified dynamic model of tihe Lycoming LTC4V-1 engine was
formulated for use in the tilt rotor mathematical model. The
model basically concsists of two first-order lags in series with
variable time constants and gains. The output of the model is
rate-limited to reflect actual engine performance. This simpli-
fied model gives satisfactory results for both large and small
power transients. The block diagram for this system is shown

as part of the thrust management system block diagram shown in
Appendix E.

TABLE 7.1 ENGINE CYCLE DATA FORMAT

Standard Day
Ambient Temperature (°R) Divided by 518.69°R

REFERRED,
VARIABLE SYMBOL NORMALIZED FORM
Thrus F Fy/8F*
Power SHP SHP/5V3SHP*
Gas Generator rp NI NI/KENf
Power Turbine rpm NTT NII/vONfI
Fuel Flow We LVARES 3
We/3 v ISHP*
Turbine Inlet T T/5 |
Temperature |
|
Where: * = Max. Power Setting, Static, Sea Level, |
|

[¢]

N

Ambient Pressure (psia) Divided by 14.696 psial

7-1
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8.0 GROuND EFFECTS

The effects of operating near the ground on the rotors and air-

frame are included in this model. The presence of the ground

on the airframe imposes a boundary condition which inhibits the

downward flow of air normally associated with the lifting action

of the wing and tail. The reduced downwash has three main
effects;

o A reduction in the downwash angle at the tail
© An increase in the wing lift-curve slope
0 An increase in the tail lift-curve slope

These have been accounted for by the methods given in Reference
2, Appendix B-7. The data given in the reference for the
change ir. wing and tail lift-curve slope has been used directly.
The equation specified for the change in downwash angle at the
tail due to ground proximity was modified for convenience. The
equation as stated is-

2 2
(ae) g by + 4(h-H)"
: E{'+ 4 (h+H) -

where (Ae)g the change in tail downwash angle due to ground

proximity
£ = the downwash remote from ground
h = the height of the tail root quarter-choxrd

point above the ground

H = the height of the wing root quarter-chord
point above the ground

by

i

a function of wing lift and wing flap geometry

For this mathematical model, the b, in the above equation was
taken to be equal to the wing span, by. This results in a
small error in the change in horizontal tail downwash. It is,
however, sufficiently accurate for this simulation.

Ground effects on the rotor are difficult to predict analytic-
ally, especially in forward flight. Wind tunnel test data for
the Boeing Model 160 powered model, Reference 5, was plotted as
a thrust ratio versus effective rotor height/diameter ratio,
for two rotor advance ratios. This data, shown in Figure 8.1,
was curve fitted and linearly interpolated for advance ratio.
The resulting eguation is as follows: - (for the right rotor.

8-1
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The left rotor is identical except for subscripts)

TiG h|? h
(___E = (—) (.1741 - .6216ugg) + —) (1.4779 uggr~-.4143)
ToGE D D
RR EFF EFF
RR RR
+ 1.2479 - .8806 p RR]
where (}—‘\ = nRR
PLrr  2RI[|sin(s + iyglcos ¢| + .0174]
RR
+ [(Lg sin iNg + Z¢g) cos ¢ - Yy sin ¢] cos ¢
= Rotor hub height above the ground
Lg = Distance from the nacelle pivot to the rotor hub
Xcg = Longitudinal distance from the pivot to the CG
Zcg = Vertical distance from the pivot to the CG
8 = Aircraft pitch attitude
b = Aircraft roll attitude
iNR = Right rotor nacelle angle
¥y = Wing semispan

The equation for the effective rotor height to diameter ratio '
(h/D)EFF was derived by dividing the rotor hub height by

[sin(8+iy) cos ¢]. This yields the rotor height aleng the

shaft. For the cruise condition the hub height is infinite,

(h/D)grr is infinite and the augmentation ratio due to ground

cffect is unity. Some special conditions which must be observ-

ed when using these equations are noted in Figure 8.1.
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(TIGE =[(13_)2 (.1741~-.6216u )+ [h] (1.4779u-.4143)
— VFoGE Pl Epp DErF
&)
R + 1.2479 - .8806'..1]
&
Q T
- NOTE: If u » 0.283;( IGE) = 1.0
: or ToGE
O I_'_f(%) > 1.3; (?_I_G_x-:_) = 1.0
E EFF T ocE
1020" T 1 1
a s T ‘ f » t
z |
. -
"“ | ! ‘
01 lel | O~MODEL 160 LEFT ROTCR (HOVER)
SR iny=90° .
o ; N ; |
| ( ! i
5 | S
o ' | /AMODEL 160 LEFT ROTOR (u=.206)
[ | | '
A — —T —_ — | iy=70°0— —|—
::’:»l | ¥: n=0 N , l
jue} ! g |
SR W ih R T
01.08l i w.l__| ! —=—-=—CURVE FIT EQUATION
T T T R
B — ____i___\ VUL SRS U USRS S R B
g RN L
S1.04f LN SR ISR U R (U S
S , o\ |
5 é \4\ RO | |
2 —yA N | 1
- i | | S | ! | ‘ ] ;
e 1.00) __~"-',= 206 = A O O =~ -
] s
2 % | ~ o l i o |
B 9 V4 .3 1.2 .6 2.0

Figure 8.1 Effect of Rotor Height on Thrust Augmentation Ratio
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9.0 AIRFRAME REPRESENTATION

An airframe representation/preprocessor celculation is included
in the mathematical model that enables the user to input the
location of major structural elements of the aircraft in terms
of water line, butt line and station line location. All lengths,
center of gravity distances and inertias used in the equations
are then calculated. This feature enables the user to guickly
change the location of major structural elements to assess their
impact on vehicle response.

In the derivation of the basic equations of ..otion, the aircraft
was divided into three principal mass elements. The fuselage
mass element (mg), the wing mass element (my), and the tilting
nacelle mass element (my). The components of the three mass
elements are shown below.

Fuselage and contents
Horizontal tail and contents

e fuselage mass Vertical tail and contents
element (mf) 7 Crew and trapped liquids
Cargo
.
1 Wing and contents
® win- mass element Fuel carried in wing
(myy) ( Fixed nacelles a..d/or engines

e tilting nacelle mass Tilting nacelle (including
element (my) rotors)

These three mass elements a’'ong with their respective distances
from the nacelle pivot to tiie center cf each mass element are
used to ccmpute the aircraft center of gravity distances with
respect to the nacelle pivot. The equations for these center
of cravity distances, including the effects of nacelle tilt are:

2 + ¢ . [m ) s ]
XCG o mge £ ~ My L + n(r_n.y-) [c')s (lNL-A) + cos (lNR—)\)]
/
+ R . . . ;
2cG = mehe - Mgy - L(;‘:_N. [Sln (iyp-A' + sin (lNR-“)]

The masses and distances used in these equations are defined
in the sketch below.
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+X'

i

Note: Poc.tive distance: +Z!
are indicated by the
direction of the
arrows

The quantities required to compute Mg, £, My, iy, M, , My, ',
hf, hw are available from an aircraft three-view Jdrawing and a
standard mass properties buildup. The quantities ¢ and * (de-
fined in the sketch) are easily obtainable from a draw .1g. The
mass quantities (m, my, mg, my) are computed from a meé s prop~r-
ties buildap by adding up the components of each mass element
as described in the previous paragraph. The lengths g, iy,

hg¢ and hy are computed by sumning th. weiygnt moments of the
components of each mass element about the nacelle pivot. The
equations for these operations have been derived and are pre-
sented in Appendix E under the prepruc.essor equations. The
input data to these equaticns include the weight of each com-
ponent, and its location in terms of water line, fuselage
station line, and butt line.

When the center of gravity distance of each mass elemz2nt has
been determined, the component and total aircraft mass moments
¢f inertia can be computed. The equations for the total air-
craft mass moments of inertia are presented in Ampendix C.

The mcments of inertia of each mass element are computed by
application of the parallel axis theorem. The mocments of in-
ertia of esch component about its own center ot gravity must he

9-2
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known. The parallel axis theorem states:

N
Iyx = I [Ixxoi + mj (yi + z%)]
i=]1
N
= + m; 2 4+ x2
Tyy = T llyyo; * ™ (21 *+ x7)]
1=1
N
Iz = I [17_20i + m; (xi + y%)]
i=1
N
Ixz = 'zl [TIxzo; * Mi(xizj)]
1=

whare N represents the number of component masses.

These equations have been expanded to compute the moments of
inertia of each mass element and are shown in Appendix E under
the preprocessor section.

Other lengths required for the mathematical model are computed
in this section. The input data for these computations are in
terms of the water line, butt line, and fuselage station line
locations of the elements in question.

9-3

b | s o . gt



— T

Ty

10.

e

D238-10002-1

0 AEROELASTIC REPRESENTATION

Two aeroelastic degrees of freedom are included in the tilt

rotor mathematical model.
bending and first mode wing torsion.

These are first mode wing vertical

The stability and control

characteristics of flexible airplanes may be significantly in-
fluenced by distortions of the structure under transient load-

ing conditions.

occur between the two.

When the separation in frequency between the
elastic degrees of freedom and the rigid body motions is not
large, then significant aerodynami~c and inertial coupling can

Many of the important effects of elastic

distortion, however, can be accounted for simply by modifying

the aerodynamic equations.

The assumption is made that the

changes in aerodynamic loading take place so slowly that the
structure is at all times in static equilibrium. This is
equivalent to assuming that the natural frequencies of vibra-
tion of the structure are much higher than the frequencies of

the rigid body motions.

Thus a change in load produces a pro-

portional change in the shape of the airplane, which in turn

influences the load.

This is known as the method of "quasi-

static" deflections where all the coupling occurs in the aero-
dynamic eguations.

Since for the 1985 transport, the rigid-body short-period modes
are separated from the elastic modes by a substantial margin,
the method of "quasistatic" deflection is used to represent the
wing bending and torsion modes, with the only coupling in the
aerodynamic terms (through angle.of attack). The wing twists
and bends instantaneously when subjected to an applied load.
The assumptions made in deriving the wing bending and torsion
relationships are as fcllows:

No coupling between bending and torsion modes

Wings are cantilevered from the fuselage

Elliptical loading assumed for the rigid untwisted

wing

Aerodynamic loads act at the wing guarter chord

Wing elastic axis coincident with cross shaft

Wing center of mass assumed to lie on the elastic

axis

First wing torsional mode assumed linear from tip

to root

In the mathematical model, wing twist at the tip is calculated
using the following equation:

10-1
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2
C
Ket ¢ = MacT - IEQgR + q Wzbw Cmo

+ g2 |%mesg xwac) (CLa bW) (49t + 3,
Cw ——aaz— Cw 67 RIGID
where: Koy = Wing torsional spring constant
8¢ = Wing twist angle in degrees
Macr = Nacelle actuator pitching moment
I = Engine inertiia
Qg = Engine speed
R = Body yaw rate
q = Dynamic pressure
Cw = Wing reference chord
by, = Wing reference span
Cmo = Wing zero lift pitching moment coefficient
e! . . . . .
_ngli = Wing section pitching moment slope with
dc, section lift coefficient

CL, = Wing lift curve slope
®RIGID Wing angle of attack without twist

Assuming a linear mode shape from the wing tip to the root and
a cantilevered wing (zero twist at root), the wing twist at the
aerodynamic center location of the wing is obtained by linear
interpolation. The wing twist represents the change in angle
of attack of the wing tip and aerodynamic center and are used
in the aerodynamic eqguatioas.

Wing vertical bending deflection is also tresated on a quasi-

static basis. The form of the egquation used in the mathemati-
cal model for the wing tip deflection is as follows:

10-2
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= N W - N - = - =
where: hl = Wing tip deflection
Al = Wing lift
AERO
N - o .
ZAERO Total wing lift
N '
LAERO Nacelle rolling moment
3& = Vertical acceleration cf the nacelle
aygac = Vertical acceleration of the wing aero-

dynamic center

KW1+KW5 = Constants for 1965 transport wing

The form of the equation for the wing deflection at the aero-
dynamic center is written similarly:

_ N W N - = _ =
Blyac = ¥wg ZaEro * ¥wy Zapro = Kwg Lagro ~ KWg 2p -~ Kwy, 3wac

The symbols represent the same quantities as the tip deflections
except the quantities KWG to KWlO are different from K, to Kg.

These equations are derived in Appendix A . Since the wings
are assumed cantilevered, these equations may be written for
the left and right sides. The equations as used in the mathe-
matical model are written in Appendix E.

The wing tip and aerodynamic center vertical bending velocities
are computed by dividing the change in vertical bending deflec-
tion by the simulation time frame. The vertical bending deflec-
tions and velocities are then added to the velocity components
at the wing tip and aerodynamic center. These velocity com-
ponents are then used in the calculation of the aerodynamic
angle of attack.

In addition to the aerodynamic coupling via angle of attack, as
discussed above, the wing tip vertical forces and moments act
as the driving functions to a set of second order equations
that are forced at the wing vertical bending frequency. This
results in giving a pilot a "seat of the pants" feel for the
vibratory aspects of the wing vertical bending mode.

10-3
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1 11.0 CONCLUSIONS

A full-force, 11 degree-of-freedom mathematical model of a

1985-era Tilt Rotor 100 passenger aircraft has been formulated.

The mathematical model is complete and ircludes full-force

nonlinear aerodynamics of all components, turbine engine per-

formance and response, thrust management system and governor,

pilot's controls and automatic stabilization systems. The

model is suitable for implementation on the Ames Flight CoL
Simulator for Advanced Aircraft. )

11-1
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2PPENDIX A - TREATMENT QOF WING FLEXIBILITY

as described in Section 10 the large separation which exists
Letween the natural frequencies of vibration of the wing struc-
ture and the aircraft rigid body motions, enables the elastic
deformations of the wing structure to be calculated on a quasi-
static basis.

In the simple treatment presented below, the bending and tor-
sion modes are considered to be uncoupled. The wing is treated
as a cantilever with a built-in root end. The wing is free to
twist about the elastic axis which is assumed to coincide with
the nacelle pivot line. The center of mass of each chordwise
strip is also taken to lie on the pivot line. The unloaded
wing has neither geometric nor aerodynamic twist.

WING TWIST

Spanwise twisting of the wing takes place under the action of
the nacelle aerodynamic and inertial moments, the wing 1lift
distribution, and the spanwise distribution of aerodynamic
pitching moment. The nacelle aerodynamic moments consist of
rotor hub loads, transferred to the pivot, together with the
aerodynamic loads on the nacelle itself. Nacelle inertial
moments include the gyroscopic effects of the rotor drive
system.

With reference to Figure A.l, My is the moment supplied or
absorbed by the nacelle tilt actuator. If Kg is the wing
stiffness as seen by the wing tip, then

My = Kg O (A-1)

The total moment about the elastic axis due to wing aerody-
namics, nacelle loads and engine gyroscopic torque is
b/2
T= J mdy+My+ Mgyro (A-2)
o
The aerodynamic moment about the elastic axis at any station
y is given by

M= Mc/4 + Ax (A-3)

where & is the section lift and x is the distance from the
guarter chord to the elastic axis. In terms of the section
aerodynamic coefficicnts,

mly) = 3ovic? + $ovicicyx (A-4)

Cm
c/4 =

hnt o o Reathan B
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The section lift coefficient, Cy, is given by
dac

c, = EE& (a - ao) /l—lE%T N

=k ag lag = ep = g + 8¢ly) ) /1- @%f (A-5)

where ap is the wing root section angle of attack
€p is thg rotor induced downwash, assumed constant
spanwise
0o is the section zero-lift angle
8¢ is the structural twist at station y

The factor k /1- QXJZ is introduced so that, for the untwisted

wing, the lift dis®ribution is elliptical. The value of k is
obtained from the rigid wing elliptical loading as

= 4 -
k=2 cp (2-6)
dp

Thus the equation for C; becomes, with aRrigIp = OR™Ep~ CGo s
2 2
/2% 4|2
CQ. = % CLC‘{O'RIGID l"'l b) + et l"( b ) (A=7)

In equation (A-4) we can write, for low angles of attack,

- dCm
Cme/4 = Cmg * -aa%éi Cy, (A-8)
and therefore
dc
I S Me/4 | X -
mly) = 2 pVic g Cmo + —E-C—QTL_ + c CQ} (A-9)

The equation for the total wing twisting moment, equation
(A-2), can now be written as,

T = Mactuatort MgyYro * % DVZCZCmO b +%—pV2c2
dac b/2
( Tesd + x f Cpdy (A-10)
dc, c (o}
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Using equation (A-7), assuming a linear structural twist from
root to tip and performing the indicated integrations, the
equation for total wing twisting moment becomes

T = Kgbp = M + M + L ovipeic, +ipvic dcmc44 +X
gvT actuator gyro 3 m, 2 ac, c
c
L
X sﬁb 3““RIGID + 46T) (A-11)

The equation for the actuator moment is given in the equations
of motion, Section 5.0.

Rearranging, and writing g = qg (1-Cp ) = % pV?2
s

1 2 d(‘ ’ .
B = 1\/11\]+ngro+§qs(l-CTs)cw [G"O‘rigid dém +%)+bwcmo] VA-12)
L

Ky, - 2 ggby,cd CL_ (1-CT_) (dcm + x

6 7 37 o s \ae, ¢
where CMg the zero-lif+ wing section pitching moment coeffi-~
cient, is a function of flap deflection:

Cmg = C1 + C26f + C36f2 : (A-13)

Knowing the tip value of twist, the twist at any other span-
wise station is obtained by assuming a linear variation of
twist from zero at the root to the tip value.

WING VERTICAL BENDING

The spanwise bending mowent at any spanwise statlon y, on the

wing is the sum of the bending moments due to wing aerodynamic
1lift, wing weight, nzacelle lift, nacelle weight and net torque
on the nacelle. The expressions for each contributica to the

bending moments are derived below.

o Bending moment due to wing loading.

Assuming an elliptical distribution of lift the bending
moment is given by
a b/2
M= (yy) [ 2y ty-ypay (A-14)
Y]
Qobz b/z/' _(-2.2-)2 (zx . zyl)d (gx\
7 J:J' b b 5 b

L anatiama il S
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where %5 is the lift per unit length at the wing root. Intro-
ducing the spanwise variable e=cos'1(21)making the required
substitutions and integrating, the be&ﬁlng moment at any point
y is:

2
M (y) = ob [%_ (sin 6-8 cos 6)- % sin3e] (A-15)

4

0o Bending due to nacelle net vertical load.

j_ - The net vertical force on nacelle is
F=F% - nWy

f, where F@ is the aerodynamic force and nWy is the inertial

load on the nacelle. The bending moment due to nacelle
force is

.- MN(y) = %? {l-cos 6) (A-16)

o Bending due to wing weight.

"-

Assuming a uniform distribution of wing weight

| w b/2
L Miyy) = -n [ wly) (y-y1)dy
Y1
) and w(y) = 2W/b where W is the weight of one wing panel
Mw 2nW b/z
A (yl) = 5 _f (y—yl)dy (A-17)
Y1
. W nWb 1 . 2
i.e. M'(y) = - 2 (l-cos 8§ - 35 sin®g)

o Bending due to nacelle torque (rolling moment)

T(y) = constant = T (A~18)
Total bending moment at station y is therefore
Mly) = M3(y) + MN(y) + M¥(y) + T (A-19)

Assuming a linear variation of EI from root to tip given
by

EI(y) = El, [l-a (%¥)]= El, (l-a cos 8), (A-20)

UL - -

L et
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M(y) _ d*z _ fob® [(sin 6-8 cos 6)-1/3 sin®6)]|, F3b [1l-cos @
EI(y) dy? 8EIo 1 - a cos 6 2EIo| 1-a cos 6
_nWyb [ 1-cos & _ nWb [ l-cos 9 - % sin?8
2EI, l-a cos © 2EI, 1-a cos ©
+x T 1
ETl, | {i-a cos 0) (A-21)

Double integration of this equation yields
pression for the bending deflection of the
y on the span:-

the following ex-
wing at any point

Lb? bird Wyb?
e = Ser. "L T Emn. %2 gE? i
o o o)
_ nWyb? ¢ + Tb° o
8E1g 4 4EI, 75 (A-22)
where ¢, = EZ?_ } (sin 6 - 8 cos 8)- % sinle s .
4 l-a cos 6 Y Y
o o)
_ = .Y Yy l-cos 6§
03 = 93 22[ { ‘f l-a cos 6 dy-} dy
4
ol ©
6 p2Y Y  1-cos 8- % sin?6
SR ay | dy
o L o l-a cos §

dy
l-a cos B}dy

=

5. = %
5 %‘ { f
0 (o]

and where the wing lift (2 wing panels) T

through ¢5 were obtained numerically and

9
Flgure A2,
W

Since L = =2 ZAERO
a_ _ N

Fr= z?ERO

T == Lagro

L) b. The function
o s
gre preser.ted in



— ™

D238-10002-1

Z
_ 1 AERO _ 1 -
W, = 3m, o = 72 " %wac
nWy = My ap
where m. is the mass of two wing panels
m is the total aircraft mass
EWAC is the acceleration of the wing aerodynamic
_ center
an is the acceleration of the wing tip

and since the values of ¢, through ¢. are constant for any
given station y on the wifig we can wgite the final equation
for wing bending in the form

N W N

hy = Xy Zapro * ¥w. Zapro = ¥w. Lagro = ¥w, 27
1 2 3 4
= Ky 3yac
5
where hl = =2
» - 1.3
nwl = b%,
BET
o
3
Ky, = 221
2
47rEIo
3
Ky = b g
3 4EI?
Ky = myb7e,
4 BEfo
Ka I¢4
5 8E o)

This is the form given in the computer representation. The
bending deflection at the aerodynamic center and at the wing
tip are obtained using the values cf ¢l+ ¢5 appropriate to
these stations.
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APPENDIX B - DERIVATION OF LANDING GEAR EQUATIONS

Presented below are the equations for landing gear forces and
moments arising from ground contact. The derivation accounts
for brake and friction forces together with a simplified re-
presentation of the oleo dynamics. Nose whee. steering is not
included.

With reference to Figure B-1 the distance from the center of
gravity to the bottom of the right main wheel following a
positive pitch rotation is

he = Xsin 6 - 2 cos 6 - r {(B-1)
where X and Z are the coordinates of the hub of the wheel
relative to the C.G. and r is the tire radius. If the air-
craft is now rolled right, through the angle ¢, the bottom of
the right gear moves through a distance.

h¢ = [Y sin ¢ + (2+r) (cos ¢-1) ] cos 6 (B-2)

The height of the bottom of the wheel above the ground is
therefore

= - -
h = HCG + he h¢ (B-3)

and the olen deflection during ground contact is given by
HCG +he _h

— 9 -
hT - cos ¢ cos 6 (B~4)

By differentiation of equation B-4 and making small angle
assumptions regarding the aircraft pitch and roll angles during
touchdown, the rate of change of oleo strut deflection is ob-
tained as .

HCG

hp = 555 4 cos8 T XQ - YP (B-5)

Aséuming that the oleo response is that of a second order
system, the equation of motion for the landing gear is

h (B~6)

Fs = Kgp hp *+ Dgp hq

G

where KST and DST are the equivalent spring rates and damping

for the oleo, and F., is the force on the 1landing gear strut,

G
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Tire Friction and Side Force

The friction force acting on each tire during ground cortact
is resolved into a force F. along the line of intersec’ion of
the plane of the wheel and"the ground plane, positive forward,
and a side force F,_ at right angles to F_ lying in tue ground
plane and positive"to starboard. The fr¥ction force F_ is
assumed to be proportional to oleo force and the amoufit of

braking exerted by the pilot. The side force is proportional
to the oleo force.

The components of tire friction are:

Fu = (uo + Hy B.) F : u (B-7)

Fg = ug Fgp _V (B-8)
v

where g, U, and y_ are the coefficients for rolling friction,
brake frictlon andssliding friction. B, is expressed as a
percentage of full brake pedal deflection. The signs of the
forward and sidewards velocity are introduced to properly
orient the tire forces.

The force and moment contributions of each landing gear to the
aircraft total forces and moments are, assuming small angles;

AX =TF - F 8 (B-9)
n un GZn

AY =F_ + F. ¢ (B-10)
n s, Gz

AZ =F 8 -F_ ¢+ F (B-11)
n un sn GZ

AMn =-Aznxn + Axn(zn + r + th) (B-12)

ALn = Azn Yn— AYn(Zn + r + hT) (B-13)

AN =-AX Y =~ X AY (B-14)
n nn n n

where n=1, 2 and 3 denote the left main gear, right main gear
and nose gear, respectively.

The total contribution of the landing gear forces to the forces
and moments at the center of gravity of the aircraft are:
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APPENDIX C - VELOCITY AND ACCELERATION TRANSFORMATIONS
AND CENTER OF GRAVITY/INERTIA EQUATIONS

C.l Velocity Transformations

The calculation of aerodynamic forces an wings, fuselage,
nacelles, and tail surfaces requires that the angle of attack
and relative wind velocity at these surfaces be known. These
velocities are obtained most conveniently in terms of the velo-
city of the pivot reference point.

With reference to Figure C.l, the velocity of a general point
in the aircraft relative to the airplane center of gravity is

v = +2xr (c-1)

O O
s

where r is the radius vector from the c.g. to the point and 2
is the angular velocity of the aircraft. Thus, expanding
equation C-1, the velocity of the pivot relative to the c.g. is

ué

X, + QZp - YpR

vl =Y -PZ_ - X
1%

p P pR (C-2)

wé Zp + PYP - QXP

where X,, Y, and Z_. are the distances of the pivot from the
c.g., measured posgtively forward, to the right and downwards,
respectively. If we measure all distances from the pivot loca-
tion then Xp = -Xcgr Yp = -Ycg = 0, Zp = -2cg and the velocity
of the pivot relative to inertial space can be written,

vp = vV + vé = V + PZog - XogR (C=-3)

where U, V, and W are the components of the velocity of the air-
plane center of gravity.

The velocity of a point in the aircraft relative to the pivot
is

F T . . Mt ]
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u=1X+ Q2 - YR

v = i + RX

PZ (c-4)
w=12+ PY - QX

where X, ¥, and Z are measured from the pivot to the point. By

adding equations (C-3) and (C-4) the velocities of the follow-
ing components are obtained relative to inertial space. The
indicated distances are measured relative to the pivot.

Velocity of Horizontal Tail Aerodynamic Center

(C-5)
Wgr = Wp = XgrQ
Velocity of Vertical Tail Aerodynamic Center
Uyn = Up + ZVTQ
Vyp = Up + XypR = ZypP (C-6)
Wyp = Wp t+ XypQ
Velocity of Left Wing Aerodynamic Center - Body Axes
ulw = up + Q (2 + h ) + YuacR
lw = up WAC 1ac WAC
Viw = Up * XyacR - Plypac * hy; ) (c-7)
WAC

t - - - >
Yew = Yp T Yyac® T Kac® hlL
WAC

where hlLWAc is the elastic deflection of the left wing aero-
dynamic center. The equations for the right wing are obtained
by substituting

YrRwac = ~YLwaC

and  hipuac = Mliuac

N -
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Velocity of Left Wing Aerodynamic Center-Chord Axes

In order to compute wing angle-of-attack the velocity components
are required relative to the wing chord line. If the wing /
chord makes an angle i, with the body centerline then )

urw = ulw cos iy -~ wiy sin iy

Wiw = Wiw cos iy + wiy sin iy

The equations for the right wing are obtained by changing the
subscript.

Velocity of Left Rotor Hub -~ Body Axes

ul

= u + - . P
RL P RYN LS (lNL + Q) sin i + thL
’ . (C-9)
VR, = vp + LS(R cos iy, + P sin iNL) - PhlL
Whr, = wp - PYy - Lg (Iyg, + Q) cos iyp, + hyy, -

where Lg is the distance from the rotor pivot point to the
rotor hub and hilp is the deflection of the wing tip. The egua-
tions for the right hub are obtained by changing subscripts and
substituting Yy = -Yj.

Velocity of Left Rotor Hub - Shaft Axes

Since the rotor aerodynamic forces and moments are functions of
the shaft angle of attack and sideslip, the velocity components
are required relative to shaft axes. |

URr, = URp €OS iyp - Wpp sin iyg
VRL = VRL (C~10)
WRL = wﬁL sin iy + wéL cos iNL

The corresponding equations for the right hub are obtained by .-
changing the subscript.

C.2 Center of Gravity and Inertia Egquations

Eqguations are required that express the overall aircraft center
of gravity position and inertias in terms of the centers of

C-4
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gravity and inertias of the individual mass components. In
order to do this a fixed reference poiant is chosen in the air-
craft defined by the intersection of ‘:he line joining the
nacelle pivots and the vertical plane 7f symmetry of the air-
craft, see Figure C.l. A set of axes ?x'y'z' is taken at this
pivot reference point, parallel to the axes OXYZ at the air-
craft center of gravity. If the location of the aircraft
center of gravity with respect to the pivot reference axes is
(Xbgr ¥&gr 2'cg) and if (2g, hf) and (2y, hy) are the x and z
coordinates of the fuselage and wing masses measured from the y
pivot, then the following relationships are obtained between
the centers of mass of the components and the aircraft center
of gravity.

Fuselage CG Relative to Aircraft CG

Xfg = 2 - Xog

(C-11)
Xg = hf = Zcg
Wing CG Relative to Aircraft CG
_ )
Xy = by =~ Xcg
_ , (c-12)
Zy = hy, - Zca
Nacelle CG Relative to Aircraft CG
Xy = 2 COs (igg = A) = XéG
(C~13)

XNL = { COs (iNL had A) - X'CG

s . !
2 sSln (1NR - A) - ZCG

Zyg, = ¢ sin (iyy - V) = Zgg
where 2 is the distance from the nacelle pivot point to the
nacelle c.g., and » is the angular depression of the nacelle
center of mass below the nacelle pivot, when the nacelle is in
the down position, see Figure C.l.

C=5
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Aircraft Center of Gravity Position

By taking moments about the pivot, the aircraft center of
gravity is given by

‘ Me L +m, 24 My
= + 2 ('HJ cos (iyg=r) + cos(iNR-A)]

G~ m
(c-14)
s mg he + m, hy my o
ZCG = = o - 1 _;.n' Sln(lNL“)\) + Sin(iNR—A)

The equations of motion (Section 3) require the firxst and
second time derivatives of the center of gravity position.
They are as follows:

Center of Gravity Velocity Relative to Pivot Point

[} m =
XCG = «j (‘;J[éNRsin(iNR-x) + iNLsin(iNL-AJ
(C-15)
°1 ™, :
2og = =2 —;- 1NRcos(1NR-A) + iNLcos(iNL-A)
Center of Gravity Acceleration Relative to Pivot Point
WO e N S » o2
XCG = -2 m 1NRSln(lNR‘A) + 1NLsin(iNL-A) + lNL cos
(g, =2) + i
i - % -
NL Iyr €08 (igp ”] (c-17)
;: _ my\ [ o . ® . 2 2
cG = -p —m lNRCOS (lNR‘A) + lNLCOS(lNL‘X) - iNLSin

2 .
. b . .
(1NL-A) = 1ygsin (1NR-A)J

Pilot Station Velocities - Body Axes

The velocities at the pilot's station are required in order
to drive the visual display. F[rom Lquaticns (C-3) and (C-4)
the components of velocity of the pilot's station in body
axes are:

C-6
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[
L}

u, + Q2

¢ Ypp T Yp RY

PA ~ “TPA

Wpp = Wp + PYpp - Qip,

C-3 Pilot Station Acceleration - Body Axes

The pilot station acceleration is also required to drive the
visual display. These accelerations are derived here.

The velocity at the pilot's station is

O

Ipa

Vpa = Vog + @ X zpp + T

O

where rpp is the vector from the aircraft CG to the pilot's
station and SXPA is the rate of change of the pilot's staticn

with respect to the aircraft CG.

The pilot's station acceleration is

2y, = dVpp - Ve + 4 (g x ) * d (GEPA)
at dt  dt at | st
§ § r § rp
= aggt— @XIp) +t2X @XEp) v S ex =P
st st st
= +6£-"XEPA+ZQX6£PA+Q(EPA.Q)-QZE_PA+62£PA
= Q e —=FA
<G 4 st st~
with g = Pi + Qi + Rg
%% = .P;’_[: + é‘:] + '_.
A A A
= - i - i+ -2 k
Top = (Xpp = Xgg) L+ (py = ¥g) 3+ (Zpy = Zeg) K
érPA . A * * - A
st = (pp = Xeg) L7 py = Yeg) 1% (Bpy = Zgg) &

P - N ' O

4
:_“i

»e
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and noting that Yo and the time derivatives of Xpa, Ypa.

Zpp are always zero, the above equation yields the pilot's
station accelerations as:

X
: - AERO . 2 2

+ Ypa (PQ - R) - 2QzCG - X g

aypa = YAERO+ (P - QR) (Zcg = Zpa) + (R + PQ) (2pa - XcgG)
m

2 2 . .
- Ypp (R +P ) + 2 (PZCG - RXCG)

Z :
AERO . ' 2 2
azPA = ————+m (Q - PR) (xCG - EPA) + (P° + Q) (ZCG - sz)

+ Ypa (P + QR) + ZQXCG - ZCG.

.. = CZAERO
XcG m

where etc.

and Xpa = %pAr the distance from the pivot tc the pilot's
station

C.4 Aircraft Inertias

The aircraft roll inertia about the aircraft center of gravity
is, from the parallel axis theorem,

1 - If + 1% 4 VL L MR

2 2 2 2
XX XX XX XX xx T Mgle * MUZ, + 2myYy + myZyr + myZyp

where Iﬁx’ etc., are the inertias of the various components
about their individual centers of gravity.

(C-1"

vt
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In the case of the nacelles the inertias Iﬁg, Iﬁz are dependent
on the nacelle tilt angle, iy. These inertias are related to
the inertics of the nacelle with respect to a set of nacelle-
fixed axes 0"xyz placed as shown in Figure 3.1. The relation-

ships are

N _ .N N N L2 . .

Ixx = Ixxo + (Izzo - Ixxo) sin iy - IXZO sin 21N

N N

I =T

Yy YYo

(C-18)

N N N N 2
I.. =1 + (I -1 ) sin iy + I sin 2i

22 zzo xxo 2z, N Xz, N

N, = 1§z° cos 2iy + % (Ixx, = Izzg) sin 2iy

Using equations (C-18) together with (¢c-13), (C-11), and (C-12),
in equation (C-17), the roll inertia becomes

= 1f W N N - 1N : 2 i 02
Ixx = Ixx + Ixx + 2Ixxo + (Izzo Ixxo) {(sin iyy *+ sin lNR)

N

. . . . 2
Xzg (sin 21NL + sin 21NR) + 2 myYy *+ mfhfzf

¢ 1
+mhoz, - meZeloe - MZ,2%0g
] [

= MyInnZoc ~ ™vZNRZCG

o -
" dmy|Zwpsinligg = M)+ Eypsintiyy - *J

£ \* N N N . 2, . 2,
+ + + - +
= I I 21 . (Izzo I °) (sin lNL sin lNR)

N ) e 2
- Ixz, (sin 2igptn2igp) + 2 myYy + meheZe
+ mh 2, - amy {?NR sin (igg = M) + Zy sin (iy, - xﬂ
since the terms containing zéG sum to zero.

C-9
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+ .
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+ sin 2i ) +m ¢ Z
NR £f£f

+ %Zwlw + sz [ZNR cos (iNR - ) + ZNL cos (iNL - X)J

— w
(Iz- Iyy) = I3z - Iyy + Izz - Iyy

s, -1,

+ sin ZiNR)

W, o+

N
2(1
( zz,

2
+ ZNR sin (lNR - A)] + szYN

N
Iyy,)

2 2
o)(51n iy, + sin igyr)* Igzo(sin 2iyg,

-(mfhfzf + mwhwzw) + mNz [ZNL sin (lNL - 1)

Similar expressions are obtained for Iyy and Izz and these are

presented in Appendix E.
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APPENDIX D -~ CALCULATION OF SLIPSTREAM-IMMERSED WING AREAS

The wing areas washed by the rotor slipstreams are required in
the calculation of wing lift and drag. These immersed areas

depend on rotor shaft inclination, wing angle of attack and side-

slip, and rotor thrust. The equations presented in Appendix E
for the immersed areas Siy, and Sip were obtained as follows.

The above sketch shows a rotor under conditions of combined
angle of attack (agp %_) and sideslip (3). The resultant angle
t

of attack of the shaft is given by

ag = cos”!(cos ag_ 1, cos B8) (D-1)
If the rotor shaft is inclined to the fuselage centerline at
angle iy and the fuselage is at angle of attack ay then

ap,r, T wf * iy (D-2)

The rotor "sideslip" angle, 7, is defined by

Tan B

= -1 1L
e R

(D-3)

and is the angle shown in the sketch.

Figure D.l presents four views of the geometry of rotor slip-
stream/wing planform interaction.

Figure D.l{a) is a view of the plane taken through the rotor
shaft parallel to the aircraft vertical plane of symmetry. The

D-1
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line PT is the wing chord, the distances PC and h, are the hori-
zontal and vertical coordinates of the pivot measgred from the
wing leading edge, and % is the spinner-to-pivot shaft length.

Figure D.l[b] is a view taken normal to the rotor disc plane.
In this view, the traces of the slipstream on planes taken
through the wing leading and trailing edges parall.l to the
disc plane appear as circles. This assumes that the slipstream
is a sheared circular cylinder.

Figure D.l[c] is a section taken in the plane containing the
rotor shaft and the freestream velocity vector V_. The angle

e s the deflection of the slipstream relative to the freestream
direction. Planes are taken through the wing leading and trail-
ing edges parallel to the rotor disc. These intersect the rotor
shaftline at the points 0 and T, and intersect the slipstream
centerline at the points O' and 0". These points enable the
slipstream traces shown in (b) to be constructed.

Figure D.l[d] is a view taken perpendicular to the wing surface
showing the areas washed by the slipstream. For convenience,
this view combines the immersed areas of both left and right
wings. In general, the imprint 2f the slipstream on the wing
will be bounded in the chordwise direction by curves lines;
however, the approximation is made that these lines are straight.

The immerscd area of the right wing panel is (assuming that the
tip is immersed),

Sip = %(PM + T™N)c
- %.(PR + RM + TS + SN)c (D-4)
From Figure D,1l(b] PR = 00' sin g (D-5)
From Figure D.l{c] 00' = (2-0D) Tan (qR-e) (D-6)
From Figure D,1l(a] OD = PC cos (i w) -h 51n(1N w) (D-7)
From Figure D.1l{b]) RM = R'M! =J[§§ - O'R'"? (D-8)
4
From Figure D,1l{b] O'R' = 00' cos § + OP (D-9)

From Figure D,l{a] OP = PC sin (iy- iy) + hpcos (iy=-iy) (D-10)
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These equations define the leading edge intersection PM. 1If
RM is zero or negative, the slipstream does not intersect the
leading edge and the wing is considered to be unaffected by the

slipstream.
For the trailing edge intersection, TN:
TS = 00" sin ¢

00"= (& + c cos (iy-iy)-OD) Tan (ag-e)

SN = s'N' = D3 - o"s'2

o"s' = 00" cos ¢ + TT'
TT' = OP - ¢ sin (iy-iy)
If we write
€ = PR, £, = RM, §3 = TS, and §, = SN

then, using the above equations,

g1= [2-PC cos (iy=iw)*+ hy sin(iy-iy)] Tan(ag-e)sin g

and

(D~11)
(D-12)

(D-13)

(D-14)
(D-15)

2
Ezijéi -{[2-PC cos (iy~iy)+hpsin(iy-iy) ITan(ag-clcos 3
4

. . . . . N
+ PC sin(iy-iy) + hpcos(lN-lw)}

(D-17)

The corresponding equations for {3 and £, are obtained by re-

placing PC in (D-16) and (D-17) and (PC-c)

Thus the immersed area of the right wing panel is given by

1
Sig = 5 ¢ (g9 + 82 + £3 + &4)
From the symmetry of Figure D.1l([d], SN=BS and RM=AR.
immersed area of both wing panels is

Sip = 3 C (AM + BY) = 2 c (28+284)=C (52+Ey)

(D-18)

10002-1

(D-16)

The total

.(D=19)

and therefore the immersed area of the left wing is obtained

from

(D-20)

The above egquations correspond to those presented in Appendix

E for calculating immersed wing area.

D-4
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APPENDIX E

The equations, data, and control diagrams required for FSAA
simulation of the Boeing Vertol 1985 Tilt Rotor Transport are
presented in the following pages. The simulation block diagram
is shown on page E-6. Each element of this diagram is numbered.
The reference table on page E-2 lists the block diagram element
number, the function of the element, and the starting number
of the pages containing the equations for the element.

Data for the simulation is provided in Appendix F.
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NACELLE, PLAP, FLAPERON, & SPOILER CONTROLS

0.0 NACELLE ACTUATOR DYNAMICS TO TM SYS.
DIFF CYCLIC . wly
FROM CONTROL MIX 7/ RATE - L
. LIMIT —— S+ 2onpunpS*teliL = inp
/2'/356 l———-—f-izu.l
ing
-z.,sgr
Vpys>160 XTS
+
1 2
. | S—— _é_lau'ruoax'ry I L. “NR "—::1
NACELLE |LIMIT Si42¢, S+ NR
s - [57+2tNRunRS e .
RATE 70 | clres’ l.___.__.-i“
e -
(pILoT INPUT) | °/SEC 1 e
i igr
ACTUATOR |
RATE ,
LIMIT i -
NACELLE LOGIC: IF NACELLE BEEF >0.0 AND
ST igppp€90° SET AUTH. LIMIT
TOR5D4 AND LATSH UNTIL
NACELLE BEEP <0.0
FLAP
bp DEFLLTION
NACELLE ANGLE
inpep (USE POR ALL INCIDENCE
SCHEDULES) : — §
2] INREF TF
NOTE: wyy = wygp = 10 RAD/SEC
4 = | = 1.0 (critical)
NL ~R z5°
DEADBJND

FLAPFRON

vs
LAT. STICK

o

ﬁs*shs
e
PIILOT CONTROL
+ SAS

7

Veys

SPOILER ACTUATOR

LIMIT

A

S S
S LEFT
FLAPERON
AUTHORITY
LIMITS
-
l ) :
. RIGHT
-3¢ FLAPERON
| RIGHT
SPOILER
SspRw
AUTHORITY LIMITS (VARIABLE)
LEFT
SPOILER
——a=igpLu
-1.0
n——-—r\
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DENSITY CALCUTATIONS

2f ATMIND \ |

$A

0

T (OF)=59,-,003561 n

T(°F)=89.8-.00356%h

!

!

T(°F)=103 - .003803h

5.2561
§ = (1-.000006875 h)
S — et —
5 = T(°F) + 459.69
518.69
%G = §/8
a = 1116 /8
M =V/a
p = .0023769 Oh ) o TT

INPUT: h
ATMIND 0 STD ATMOS
1 HOT ATMOS

2 TROPICAL ATMOS
OUTPUT: &, 6, op, a, M, p E-12
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( LOOK UP

Commo s -
WDTIND - '\ “supe] we || sap] IV
w/8/8
- » msx T/Bt’l‘max SHP~ @ TEA, M
M=0
LOOK UP . e
CEA=T ) . . YES w/s/E w/ﬁff
Nx.m-{e /6 @ [wégﬁ' ~gnpv 2|7SEP hnax @
max w,M
NO
LOOK UP
1 N1//% N !
G R el |
I max Ni _i;_ e TEA' "
(] Ny
/" LOCK UP N.//B N /73
TEA=T/9 b Akl I il ( e
NLIM=2 T/8 8| —— | max o1 max
I Np Ny
NO
i P Ny/ / LOOK UP
NlemD____ (__.) /150, 243 N/ g poan
NT
0 Nr/"‘& t
/ LOOK UP Ne/VB Ny/73
TER= T/8 T e @ Nz /'f- YES ./ 2 ( Ia' )
NLIM=6 max N N max
N1/V8; Ny/7By
NO
ENGL
SURR.
1l
oD
o-
Q. (sup/MS (6/6)/ (JH
Ghd
A NO
ENGINE ROUTINE POWER AVAILABLE ~.
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CREATE TABLE CF m ALL T/8 IN Nyp TABLE
Q* vs 1/0 ENGL SUBR.
8 TI
I

LOCK UP
/0 € Q0"
FROM TARLE

.‘i

TEA=T/8
NLIM=3

ENG1 SUBR.
@ TEA, M

51"@A -(SHP/"/G (Slﬂ"‘év@]

St

u [Np/Vd
%o (D) o
@ TEAM

2n

[

ENGINE ROUTINE

KIT

POWER AVAILABLE
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ROTOR CONTROL COORDINATE AXIS TRANSFORM

B = A
lCL lCL EHL

¢p is the control phase angle. ¢P is positive

for the control axis moved opposite to rotor

rotation.

Al = Aj cos ¢

N .
CR ler p ¥ Blgg Sin ¢

" L] '

BlCR =-A1CR sin ¢P + BlCR cos @P

Al ksin

+
urt Bler HR

]

CR

=A1oReSIn Gyt Bigg ©0° fix

1

P ]
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CENTER OF GRAVITY CALCULATION s
C.G. LOCATION RELATIVE TOQO PIVOT :
_ Mele + myly My : .
Xeg = - + 2 (;—) cos (1NL-A) + cos (1NR-A) .
_ Mmghe + myghy, my : T ; i -
ZCG = L l__) sin (lNL A) + sin (lNR A)
m m
C.G. VELOCITY RELATIVE TO PIVOT .a
. mN [~ o . <
(o= - 2 [ i in (i__-A) + i in (i__-A
XCG (m LlNL sin (1NL ) lNR sin (J.NR ) B
é _ . mN)’f . \) + : (i x{
cc (E— 1NL cos (lNL lNR cos 1NR
- ‘ . o
C.G. ACCELERATION RELATIVE TO PIVOT

. m . "
X  =-1 (_H) i i i -2 + i2 ¢ i =2
ce o [ gy Sin Ay M) np €08 (g =M)
. . . T2 .
+ igg sin (lNR A+ iyr Cos (lNR x)]
. g [ . .2 . _ -
Zeg = = % (H_) iy, cos (1NL -1) = i, sin (1NL-X)
}
" 2
+ i i _=\) - i i =)
1NR cos (lNR ) iNR sin (1NR ﬂ
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FUSELAGE

PIVOT VELOCITY

C:
i

U -2

<
It
<

+ Z

P CG

CG

= -2
W W+ XCGq
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VELOCITIES OF AIRCRAFT COMPONENTS

LEFT WING A.C. VELOCITY - BODY AXES

=
|

=V

= U, +

p * ZyacT * Yyact t 9 hlpgsc

+ X

P wact

Wp = YyacP

= ZyacP T P Dlpyac

= Xyacq * Blpyac

ROTOR WING A.C. VELOCITY - BODY AXES

<
]

Waw

=V, + X

=0 +

p ¥ Zyacd

P WAC

=w +

P+t YyacP

- Y

r—

wact ¥ 2 hlpyac

ZyacP ~ P Plgyac

= Xyacd * Niguac

LEFT ROTOR HUB VELOCITY - BODY AXES

c
\

<
1]

=
|

RIGHT ROTOR

v

=Wp =P ¥y

P + LS (r cos 1

- LS(:LNL + g) cos i

= UP + r YN - LS sin ig. (lNL +q) + g hlL

Lt P sin i) - P hy

yo t 01

HUB VELOCITY - BODY AXES

<
|

=
|

= WP + P YN

=Up -1 YN - Lg sin iNR (J'NR + q) + g th
= Vp + Lg (r cos iy + p sin iyvg) - P b1

- LS (iNR + q) cos ivg * hlg

D238-10002-1
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e A

. LEFT ROTOR HUB

VELOCITY - SHAFT AXES

= URL cos 1NL - WRL sin lNL
_ L
= Vgg
' 3 . ' ]
= URL Sin 1y + WRL cos 1y

RIGHT ROTOR HUB VELOCITY - SHAFT AXES

LEFT WING A.C.

= UéR cos iygp - WéR sin

[ R3]

NR

VELOCITY - CHORD AXES

LW

Viw

Wiw

RIGHT WING A.C.

] [}
= 1 - W ]
ULw cos 1w LW sin

|
Viw
[ . . '
= Upw Sin iy + Wyy cos

VELOCITY - CHORD AXES

Urw

.-

Uéw cos iy - Wéw sin

]
= VRw

Uﬁw sin iy + Wﬁw cos

iy

iy

iy

-—
e
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HORIZONTAL STABILIZER A.l. VELOCITY ~ BODY AXES

a
|
]
+
-
Hel

HT

<
[}
<
la-}
+
>
s o]
-
H
]
(3]

HT

WHT = W

VERTICAL FIN A.C. VELOCITY: RIGHT FIN (BODY AXES)

UVTR= UP + ZVTq - YVTr

erRf Vp + Xyqpf = ZyrP

Wyt B Wp = Xypq + YygP
LEFT FIN

Uypy, = Up + Zyrd + Yyr¥

Vyry, = Vp * YypT = ZyrP

WVTL = Wy = Xyrq - YyrP

E-22
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E- WING AERODYNAMICS

CALCULA1E ROTOR INTERFERENCE TERMS:

A
i

-1 |[NF
+ R
RR GRR Tan (TE—

[
R = T2 + NF2 + SF2 :
RR R R R -

v
V*R S ___EE_::_
W/|RRR|+12
2p4
vk + 2V, v3 cos T + v2 vZ =1 (Solve for v, ) ’
*R *r *R RR *R *Rr *R
v sin T
€p = Tan~1 [ *R RR ]
RR V, + V, cos T
*p * RRJ ,
O / -
Crs = €O {Tpr = %gr’
RR VI
cos (TRR - GRR) + R
4

R = T¢ + NF?Z + SF?
LR L L L
VLR
Ve = —_—
L - /IRLR|+10
4 29% 2 )
v + 2V A cos T + VL VL =1 (Solve for VvV, )
*L *L *L LR *L *L *L
SPLR = Tan-l V*L sin TLR ]
! V*L + V*% cos ‘-’LRJ
_ cos (- - 1
Crs g = LR LR

2
Vi

cos (TLR - “LR) + L

o
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£ = Tan"t |V /(W__+ ¢ v ) -
HR RR RR yRR RR
L J USED IN ROTOR
) . CONTROL TRANS-
-1 FORMATIONS -
= + )
Egr = Tan LVRL/MRL SWRL “RL
T o= (6 +¢ : T
Cyg * Sar) 2 P
=(CLRR+QLR) .5 I
€ = (€ + € ).5
_P PRR PLR USED IN TAIL AERO-
CTS = (CTSRR + CTSLR) .5 DYNAMICS. -
i = (i, + ig,) -5
N NL NR USED IN WING/ROTOR
.y = (CLsRw # CLsiw) .5 INTERFERENCE. ‘ -
(1-Cs) ‘
: - _ T + , T - _ = - )
SR1 [LS PC cos (1N 1w) hp sin (1N lw)] tan (JR EP) sin £
3 . |22 (L PC (i i ) + h in (i i )] ta
SR2 = 4 S > cos (i i, » sin (i i n
- - e . T +
(aR EP) cos § PC sin (1N 1w) hp cos
T 2
(1N 1w)
1F: g = i . = = ’
F R2 7 or Imaginary; SiRw 0 and SiLW 0
G = ! =
also (CLai/ ’La)Rw 0 and (CLai'CLa)LW 0.0
Form ER3 Ly replacing PC in gRl equation with (PC - Cw)
Form £., by replacing PC in &g, equation with (PC = ¢ )
IF:ER& = 0 or Imaginary; SiRw = 0 and SiLw = 0,
also (Cp . /Cy gy = 0 and (G ,/Cp dyy = 0.0
IF: UNBRELLAS OPEN; SET CLw = 0.0

UMBRELLA LOG:iC:

IF igppp ¥ Fiy o7 Q5 2 8.479 lbs/ft? set umbrellas

closed (hysteresis F, o+ 1°: qp = .1 1b/ft").

-

~——

%N



ol SRS

} wm

-

S; =Cyu/2 [tpq + Epo + Epa + Eo,l= S,
iy R1 R2 R3 R4 ig
(Si/S)RW = 2 (SiR/Sw)
Si, = Cw [fr2 * g4l
S; =S5 -8S; =58
I.Lw JT lR 1~
(§5i/S)Lw = 2 (SiL/Sw)
= (s. ,c2
(AR, ) o (is/cw )
AR, = S,/c) (FROM PREPROCESSOR)
(Cr i /Cradiy = T
“Lai/~La/LW —
T+ Cp o [1/(AR)yy - 1/AR]
(CLai/CrLa)rW = .
3 -
T+ C g [1/(AR = = 1/AR ]
VE o+ (C C *
Ki, = L Crai’®eo’ru Vi
Vf + v§
x
Ki = VRt (Crai/C)ry VR
Vx 4+ v*
R R
E-25
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qg

LW

(1/2 o (u? + v2 + w?2) + (1, + TR)/ZA]

2 2
[1/2 » (uRw + v

{1/2 » (uIZ‘w + \°

LW

2
rw t wa) + TR/A]

+ w? + T /A
Yiw ) /A
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WING ANGLE OF ATTACK AND SIDESLIP

LWO
“RWO
LWO
RWO
“LWsso
*RWSSO
oy
LW RIGID
RW RIGID

“LwWo

RWO

P e T S

1 YLw
sin /02 "+ I * Ociuac

A |
sin

“RWO

(@ wo

) -1[ Wiw
sin

VUfy + ﬁg;_

-

Wpw

2 } * 9¢rwac
V2, we ] t

Viw
Nme + Vg + Wiy
[ VW
VUi o+ v2 Wi
LV "Rry L

€PLR

€PRR

+ « 2

RWO)/

J T fpLR

_ W ‘
sin RW ‘ ~ €
U2+ w2 J PRR
RW RW

“LwWo

RWO

- i

W~ %eLwac

i 9
u tRWAC

D238-10002-1
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CALCULATION OF INCREMENTAL LIFT, DRAG AND MOMENT COEFFICIENTS .
CALCULATE : B
CLiwg = L €@ = “Lugs,’ ° T Sapy T %7 Ssp T Sgp,
C =C. @ a =« § = § + 6 8 = §
DLW D LW.. ' a £/ Ogp SP
0 $S, LW L
c =C @a-=a , 8 =6 +6§ ,6 =6
LRW,, L RWg gy £ sp SPy
0
Cpruy = Cp & @ = agy o » 8 = Sa 0t %er Sgp T Sgpp
0
Cx =C @ a = , 8§ =8 + 8 , & = 3§
LLW, L LW, ayy £ “sp SP,
* = = = & +5 ,8 =6
CPuwg - o ¢ T oy 8 T, T % fsp T Sspp
c* =C @ a = a , 6 =8 +6 ,6 =56
c* =C_ @ a = , 6 =6 +5 ,6 =8
DRW,, D RV, agy £’ °sp 3
CLO = CL @ a = aF+1 , & = 55 v Sgp = 0
USING THE FOLLOWING EQUATIONS:
ACL5 = a,s (0°< & < 3,) |
= ag + a9<5 + a;gt- (3, § < §4)
= a, _§ + a_ 82 ) 5 .
11 12 13 ( 3)
K 2
ACDOG ay98 + a5, (0 <6 < 8¢)
= 331 + a32’3 (8§ > 05)



— L

sC

NL

D238-10002-1

214%sp (0°< 8gp < Sgp,)
a5+ aelep a0 (Ssp ~ 5SP1)
bydgp + D185p

F, + F,6 + F,62 (0°< & < §,)

F, + F .6 + F6<52 (s > 64)

a, + a8 (ooi § < §;)

a, (§ > 84)

a, +aé (0°< § < §,)

ag (6 > &)

+
AN calculate:
, .
a, + C o + AC + F AC
6 Law L6 LSP
C, - F AC
L LSP
C - AC (0. > ar\)
LW1 LG —_ 73
/ z
ag + CLaw aq + a,4 + dy, © + dyg0 {(a < a3)
2 2 - 2
Cpo + 236 Ciw * 37 Ciw. *+ 228 (Cpy Crw)
W 2 1 1 2
+ AC + AC
DOG DSP



DUM

ACL
NL

+
If o + a

NL 1

CL = &
a2=a0
CLwl = Cp
= Cp

Cru, = 26
- a,

+
+ :
< aNL a18 calculate
=a, + ci a; +8C  + F AC
aw L " SP
+
=0 - + a
NL 0
= a + a + a?
20 21 DUM 22 DUM
= ¢! + AC
Ly LyL
= C, - F AC
L LSP
= ag + CLaw o (a0 < ao)
— / 2
= a6 + CLa aO + a20 + a21 o + a22 a
= C + a,, C2 + a,, C? + a (C
po, * %26 “LW, 27 ~iwy T %28 tLwy
+ AC + AC
DO6 DSP
and print stall warning.
g < @ < 90° calculate:
+c/ oFf +ac. 4+ F 2C. )(90° - a)/(90°
+ a
18
_ o] _ (o] — . + _
F ACLSP (90 a) /(90 Ay al8) (o
- F AC (90° - a.)/(90° - oF - a ) o
ACL 9 NL T 218 *
SP
+ Crfaw agp + a20 + azl a + ag9 \12 (a
+ C a (a
Law 0

D238-10002-1
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A

az)
A,)
32)

2
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T

e

-

If

If

———

D238-10002-1

)
2

Ch = C + asg C + a,q C? + a (C -C )2
D, po, * @26 Ctu, 27 Clw, 28 (Cru, LW,
+ AC + AC
DO, Dgp
C = C
D D, (@ < o))
C = C + (1 -C - 90° - >
D D ( D ) (o &2)/( az) (a a
1 1
and print stall warning.
az - ajg < o < ayg calculate:
/
! = + C Sr o+ + F
ClyL = @6 * Cry *NL * ACLy Argp
Gpym = & ~ ayp t az
— 2
8L T 23 T 224 %pum T %25 “pum
C; = C; + AC
L Lye Iyt
= C; - F AC
Ly, L Lgp
/ _ 2
CL, =3 *CL ONL * 323 * a4 &+ a5 @
2 Oy
Ch =C + C:?2 + 2 4 -C 2
b = Cpy_* 226 Cry, * 227 Cry * 228 (Cry - Cry)
+ AC + AC
Do Dsp
and print stall warning.
-9Q0° < g < a, - a calculate:
ez a3 19
@] = oNL " @19
/
c! =a, + C ag, + AC + F AC
Ly 6 Luw NL Ly Lop
E-31

e




L S

GpuM

C{ . (90° +a)/(90° +ap)

= 2a3 - ajg - oyL

2
a3 ¥ 35, opgm T 325 %pyM

Cq{ + AC - F AC
L Lyt L

NL SP

a6 + CL(], 33
w

D238-10002-1

(a>aq)

(a<a1)

2 2 2
Coy  * 226CLy, * 227 Cry * 228 (Cry,~Cry,’

+ ACD + ACDSP
°g

CDl - (l—CDl) ((1 - a3 + alg)/(90° + a3 - alg)

and priat stall warning.

l.

-0
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—_

L R L T T R O L T

CALCULATE:

C =C, @ a = q s, 6§ =68, + 6§
MLW M LWSSO f arw
C =C, Q@ a=aqa ;, 6 = 8. + 8§
MRW M RWSSO f agw
"

C =Cqy @ a = a § = 8¢ + 6
MLWO M LWO ' f ary
%1

CMRWO =CM @ o = QRWO r 6 = 8f + ‘SaRw

AS FOLLOWS:

If a < a < a
1 - - 2

Calculate

(@]
=z
"

+
b2 b3 a
ACM = b4 < bs § + b6 §2

-
CM = CM + ACM

$

2

M

C1;1=b2+b3u+ AC6

C = cM (90 - a)/(90 - az)
If a < a

2 31 MS

c, = cé (90 + a)/(90 + o)

1

D238-10002-1
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CALCULATE :

[KK] T ‘r

c =C : C =C. :C =C

FLw Liwo” Doy Doy’ Mpy o My
KR c C”' - c

Lrw Lrwo’ “Dgry Dpy’ Mgy MRy
cL =C + ACL. + AC

LLumax = Clyax Ls Lgp

1ty
“Lrwmax = CLyax * 8CLg + 8CL,

%* 1 * * 1 P * x 0

c =C ; CE' = ¢ ;Cck =

LRrw Lrwo’' “Dry Dryo’ “Mpy MRwo
* t * * 1 * * *1
C = C H C = C + C = C

LLw LLwo’ “Piw T “Dpgo’ “Mpy T CMpuo
C* - "

Liwmax LrwMax

c¥ = C
LruMax LRWMAX

Cp = Cry Cag/adw / V1 - M2

nwl tre " XE) -
CLLgE = CLpy (@9/0w/V1-M2 ?L;SE= CLgy (ag/a)w/ \[1-M2

*! , P
CLLW - CLLw\ag/a)W/ 1-M ;

E-34

* x
c IGE—»CLRW (ag/a)w/\J1-M2

Ly =



D238-10002-1

L S

achE P & Y2 mar s ekl =k (€FOF - ¢ )2/nAR
= - mAR ; = - R ;
DLW 99 LLW LLW ” DRW 99 ' "LRW R
IGE 1GE IGE IGE ,
AC* = K (C* - C*' )2/%AR ; AC¥ = K C* - C*' )Y2/mAR
DLW 99 '"LLW LLW - DRW 99 '“LRW LRW w
EGE 1 EGE EGE "
IF: Cliw > CfLw max ¢ SET aCppy = 0.0 & Crpy = CiLw MAX
EGE n EGE EGE 1"
IF: C{pw > Crrw max ° SET 8Cppy = 0.0 & Crpy = CLrw MAX
IGE 1GE IGE
IF: C* > C* . SET AC* = 0.0 & C*¥ = C¥
LLW — “LLW MAX DLW LLW LLW MAX
1GE IGE IGE
. c* > C* . SET AC* = 0.0 & C*x = C*
LRW — LRW MAX DRW LRW LKW MAX
IF: (ag/a) > 1.0 ; SET K99 = -1.0
(ag/a) < 1.0 ; SET Kgq = +1.0
CALCULATE
IGE
" — n
LLW LLW
1t IGE
" = C + AC"
DLW DLW DLW
1GE
" - n
LRW LRW
KR IGE
" = C AC"
DRW DRW DRW
1GE
*x - *
LLW LLW
1GE
* = CX!' ACH
DLW DLW DLW
IGE
* - K
LRW LRW
IGE
* = C*! ACH
DRW DRW DRW




R T

D238-10002~1

= ' _];) 1 - n :
CLsiw KAL{(S Ly Criw €98 fprgr T Cpry sin e

PLR)
+Cx (1 -C yl1 - Ei)
LLY TSLR 3
LW

S . .
c = K! (_3) (o - ¢
LSRW AR§IS Lry ©°% “prr ~ Cpry 1P prg!
RW
* [ 54
cex o (1-c. 1 -4
LRW TSRR L.
Si
C - K' (_ " : + C" c
pstu ~ Cap's | (Clow S10 fprp * Cppy 05 fprg

S
19,
+ * - - _l)
Spuw 7 Crger! P‘ ls ]}
LW
C = K, (S—l) (cy si + Cl... COS )
DSRW Ag )'s LRW S0 E€ppp DRW ®PRR
RW
) )
+ C* - 1 -1
Cory 1 CTSRR)[ S ]?
RW

S, S 7
— ' 1 n - - i
Custw = a, %s ) Cyrw) * S 1 - Crgrg [l (§‘) }

Cooor = K! (Ei] (croywck (1-c ) (1 -] ‘
MSRW Az )'s MRW MRW ‘TSRR S

o}

-36



P

C
£s POWER

aAC

NS POWER

Zsw

C
NSW

K
( 20

X
( 22

D238-10002z~-1

1/4¢ [C -(1~-¢c ycx 1 11 ~1/23%) 3
LSLW TS LLW S LW
- - - C 1 - Si
[cpepy -1 - Crs) Cfrwl *1 1/2(§1>Rw]§
174! 1cC -(1 -¢C « 1 [1 -172¢3%) 1
/ 1 DSRW t CTS) CoRru 1/ (s ) W
-lc -1 -¢c_)cx 1] (1 -1/2¢81) 1
DSLW Ts' DLW s LW
+x Gy (1-¢C )8+ 1-Crs) (Kp)
21 L TS £ ——2—b" -
W
(C* -c* ) Y + aC
LW LRW AC £S POWER
2 _ 1-C
cy (L.-C_) 8 _+ -8 (K ) | (cx = C* )
L TS £ 2by N DRW DLW
-[C* sin (o - i) + C* gin (1 - @ )]i%?
LRW RWO W LLW W LWO AC
+ AC
NS POWER
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SPCIAL CONDITIONS (FOR UMBRELLAS OPEN)

IF: UMBRELLAS CLOSED; GO THROUGH WING EQUATIONS

IF: UMBRELLAS OPEN; CALCULATE THE WIN( FORCES AND MOMENTS AS

FOLLOWS :
W U
W - feyq . (1-C___ ) LW
AERO SLW TSLR L Upglt-1
.-U 7
RW _ _ "Ugry }
Xapmo = fu 9srw (1"Crsrr! {lU I+.1

LW

Yypro = 0-0
\ RW
{ Ypero = 0-0

LW’

Zpero = Tr (P/T)y, —?

GO TO WING BENDING
RW'

Zpero = Tr (P/TIR

LW LW
Mapro = ~¥c  Zagro * MWT)p Ty
3 LW RW

ZaERO ¥ ZAERO
WING BENDING

FROM

RW RW
Mapro =~%c¢  Zagro * MW/TIr Tr 'j

N

oW _ RW _ _ LW e )
AAERO ~ (bw/Z){' ZAERO [l (Si/S)RQl ZAERO [l (Sw/S)LWI}
) 2
W
Nagro = 0-0



IF: [h/D] > 1.3; (D/T)L

EFF
LR

IF: [h/D]EFFi 1.3; (D/T)R
RR

& (M/T)R = K

v—]l'.'S

K & (M/T)L = K

47

'—S‘U
|

K

w)

)-3\

RR T RR

2

RR T RR T

IF: [h/D]EFF > 1.3; (D/T)R = Kpgi & (M/T)R = Kyg

RR

T T

D238-10002-1

1 [h/DJEFF+ Kpo [h/D]EFF + Kps

T
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FORCE AND MOMENT TRANSFORMATIONS

FROM WING A. C. TO ELASTIC AXIS

D238-10002-1

PITCHING MOMENT
RW = ¢ q SWocy - x gRW
AERO MSRW SSRW 3 WAC “AERO
+ 2 RW
WAC “AERO
LW S LW
= C W -
aero - “wsiw Tsiw 3 W T Xyac Zaro
+ 2 xL¥
WAC “AERO
VERTICAL FORCES
A -c ol q SW
AERO LSRW DSRW _RWO | ISRW 3
S
Lw' - | ¢ -c o q oW
AEPO LSLW DSLW "LWO| 7SLW 3
NOTE: 2zRY' z'¥' ARE USED IN VERIICAL BENDING EQUATIONS.
== AERO AERO

E-40



WINC FORCE

-
[

MOMENT RESOLUTION - BODY AXES @ C.G.

LW
AERO

RW
XAERO

LW
AERO

RW
AERO

LW
AERO

RW
AERO

W
;tAERO

MAERO

W
AERO

r q Sy
SLW 7

C + C a'
. TDSLW LSLW LWO
L

s
= |~Cpsrw *+ Crsrw Olftwo] dSRW 5~
L

S
W
IsLw 3

| "UDSLW LWO }

~

= 1 Spsru ®rwo } srw 7

FROM VERTICAL BENDING

= Crsy 95 Sy By
MXERO * MigRO * X Zk:RO * ZEERO
~ Zo (Xarro * Xy RO

= Cygy 95 Sy Py

NOTE: OBSERVE WING SPECIAL CONDITIONS.

D238-10002-1
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HORIZONTAL TAIL AERODYNAMICS

WING AND TAIL ALTITUDE - GROUND EFFECT

Buc/a =" Zpoun * (Kyac ~ Xeg) Sin 8 + (Zpg = Zyyo) cos o

Bresa =" Zpown t (Xgr = Xgg) Sin 6 + (2., - Zy,) cos 8

HORIZONTAL TAIL ANGLE OF ATTACK

QAC = XWAC - XHT (FROM PREPROCESSOR)
= [b2 + - 2 2+ 4 ( + 2
GEF = [by + 4(h, = hy ,)71/[by Mpesg ¥ Myeys)?)
) = N - /112
‘ IF: £p > €, + de/da (dw ZACW/U )
then € = Ep (1 - GEF)/W/1 - 12
: € e + a (a - /02
IF ap < o de/da (aw QAC W/U<)
then ¢ =

e, + de/da (ay - 24c W/U2) (1 - GEF) /1 - M2

WHERE e =< 8(sp + 24p)/2, de/da = de/du@ (s + dgg)/2

-l A :
agp = Tan 7 (g /Upg) = e + i (11<0)

- -1 (s ,
= Tan (JHT/UHT)+ igp (U>0)

This form for Cprm is to be used for resolution of forces only.

IF: IQHTI > 180° then calculate &HTfrom

dpp = -(sign uHT)36O°+ Yy

and use this value to obtain the forces and moments.

E-42
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HORIZONTAL TAIL LIFT AND DRAG

o = a + T §

eyr HT HT “e

a = (a - 2°) + = §
HT+ HTSTALL HT e
a = (a - 2°) + Typ 8
HT HTSTALL HT ‘e

CLa = CLay, (a9/a),./ Vi-u?

IF: agr S @ < o

IF: QHT+ < aeHT < 90°
CL,, = CLa dur, (90° = ae, )/(90° - AHT+)
CLHTSTALL Cla o,
PHTgTALL Poxr * EHTSTALL/HARHTEHT
Dy = CDHTSTALL + (wey, - apT,) (1.1 - CDHTSTALL)
90° - aHT+

P s

-



L

T T
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HORIZONTAL TAIL LIFT AND DRAG (CONTINUED)

IF:  90° < Se <(180° - .5 ayp_)
Crup = 5 Cra &HT_ (ag o - 90°)/(90° = .5 ay, )
DaTgpar, ‘5 Cla o
CDHTSTALL ) CEHTSTALL/HARHTEHT " oy,
Coyp = CDHTSTALL + |oeyp * -5 auT_ - 180°)(1.1-CDHTSTALL
(.5 agp_ - 90°)
IF: (180° = .5 ayp_) < ‘e q < 180°
CLy, = CLa (ae,, - 180°)
Dyp DOyt CEHT/FARHTEHT
IF: =90 < g . < SHT
ClLyp = CLa typ- (-90° = ag )/(-90° - agy )
CLHTSTALL = Clo T
CDHTSTALL ) CDOHT * CiHTSTALL/“ARHTEHT
“Dur CDHTSTALL F|Fewr &HT')(l.l ) CDHTSTALL

(-90° = ayg )
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“ HORIZONTAL TAIL LIFT AND DRAG (CONTINUED)

~

: - ° o+, -90°
IF (-180 SaHTl< deyy <90
C;, = .5 Ciq a (a, + 90°)/(-90° + .5 aye )
Lur Le THT, eyp / T, o
. 5 . /
L = .5 C a
HTgraLL Lo THT,
C =C + Cc2 /TAR, T
D DO L HT“HT
- HTsTALL HT HTgTaLL
C = C - + 180° - .5 4 1.1 - C
Pur = dyr starL T enr ety ) ¢ DTgpaLy

(.5 GHT+ - 90°)

IF: -180° < .. <(-180° + .5 agr,)

€HT

C = C;, (o + 180°)
L La eyt

2




P

T T——

VERTICAL TAIL AERODYNAMICS

VERTICAL TAIL ANGLE OF ATTACK AND SIDESLIP

- m -1 2 2
yp ~ én [ Vyr/ VUgr + Wyp

w
|

ayp = ~Byp * 8, (do/dg) {NOTE: THIS VALUE OF
IN RESOLUTION
AND MOMENTS}
. °. - - 1 ° TF
IF: IaVT|>180 fayp = @yp —(sign ay.) (360°) (NOTE:
a = (a,.+ T ) )
ey VI VT “RUD
C"VT.*. = (G’VTSTALL - 2°)+TVT 6RUD
dvr_ = T yrgrarr” 270 v Srup

Cyq = CYaVT/ 1-M©

TAIL DYNAMIC PRESSURE AND SIDEWASH

g =0/2 (U2 + v2 + w?)

o =(do/dg) B

VERTICAL TAIL LIFT AND DRAG

IF: QVT_ < aeVT < GVT+
C = C o
YVT Ya eVT
c = C + C9 TAR _E
Dy DOy T/ AR 2By p

E-46
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ayt IS USED
OF FORCES

THIS VALUE OF
ayt ONLY USED
IN CALCULATION
OF FORCE AND
MOMENT COEFFI-
CIENTS!

LI
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VERTICAL TAIL LIFT AND DRAG (CONTINUED)

D238-10002-1

. < o
IF: Gyr+ ueVT < 90
o =C, a (90° - o )/(90° - a..)
YVT Yo VT+ eVT VTF
i
Cy = Cyq OyT
VTgraLL +
2
C = C + C /mARyTE
DVTgrarL DOvT WTgraLL VISvT
C = C + (o - a ) (1.1 - C )
D D e VT D
VT VTsTALL VT + VTgTaLL
(90° - O‘VT+)
IF: 90° < oy  <(180° = .5 ayp )
VT . -
Yy = .5 Cy, Ay (uevT - 90°)/(90° - .5 ayr.)
CYVT = .5 CYa aVT
STALL -
Y., = Cpo,. + Cy /TARyTEyT
“ToTALL VT VTgraLL
Cp... = Cp + (ae._ + .5 ayrT - 180°)(l.1 - Cp )
VT VTgraLL VT - VTgraLy
(.5 ayp = 90°)
IF:  (180° - .5 ayy_)  wey, < 180°
C = C (o - 180°)
Yyt Ya eyr

2
Cpyp = Cpoyp *  Cyyp/mARyTEyT




L S
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VERTICAL TAIL LIFT AND DRAG (CONTINUED)

~

IF: -90° < aeVT < agp-
CYVT = Cy, &VT_ (-90° - aeVT)/(—90° - &VT_)
CYVTSTALL - e &VT'
CDVTSTALL = Cooyp * iy STAL{"ARVTEVT
Chyp = CDVTSTALL + (ogy, - ayp-) (1.1 - CDVTSTALL)
(-90° = ayp )
IF: (-180° + .5 &VT+) T -90°
Cyyp = -5 Cyo ayr, (dgy, + 90°)/(-90° + .5 ayr, )
Yy = .5 Cyq &VT+ i
STALL
CDVTSTALL T oyp C%VTSTALL/WARVTEVT
CDVT =C o - (aeVT + 180° - .5 &VT+)(1.1 - CDVTSTALL)
(.5 ayq, - 90°)
IF:  -180°% ae . < (-180° + .5 ayy)
CYVT = Cy, (aeVT + 180°)
Coyp = Cpoyp* CEVT/”ARVTEVT
E-48
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TAIL EQUATIONS LOGIC

HORIZONTAL TAIL

1. If h > 100 feet; set GEF = 0.0
Wera

2. If the umbrellas open; set ¢ = -P (1 - GEF)

V1 - M2

3. If a > a print stall warning
eyt HT
4. If a < a print stall warning
e HT-
HT
VERTICAL TAIL
1. If o > &VT+ print stall warning

VT

2. If o, < ayp- Pprint stall warning
VT

D238-10002-1
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TAIL FORCE AND MOMENT RESOLUTION TO C.G.

HORIZONTAL TAIL - NOTE:

IF UMBRELLAS OPEN AND U>0; SET n

HT
= -5 yo
HT
X = [-C co - 1i co - + C sin
aEro - "Cpyr €08 (e, yp! €0 (B, = o) LHT
- i gs.__n
(@yp ar) ) 9 Sup Tye
HT , -
= - l -
YAERO Cpur SIP (Byp= @) a S
ZHT = | -C os ( - i .) -C cos (B,m— o) sin
AERO LHT © ‘BT HT DHT VT
(agr - lHT)} a9 Sy
HT HT
Zagro = “Yapro (Zyr = Z¢g)
HT _  _HT HT
Maero = Zakro fce T Xur) * Xapro Gy - Zcg)
HT - _oHT _
Nagro = “Yagro Xcg ~ Xyr)

VERTICAL TAIL

VT
XAERO = E{bvr cos (dyp - o)cos(ay,

(rygp = lHT)] q4 Syt Nyt

- lHT)‘CYVTSLn(BVT - a)cos

VT _ e - : _ Ss .

¥ AERO [var cos (3,5 = 7) =Cp,p sin (841 G)J 9 5vr Myr

2'T - [o¢c (3yn = ) $in (iyr = i.0) = Cuwn 8iD (Be. = a°

AERO ~ pvr €95 Syp = 9) sin (e HT YVT v T %

in - i g S n
sin (3. HT)] 9 Syr "t
E=50

]
y
j
\ P d



VERTICAL TAIL (CONTINUED)

VT VT

> = (Z -2 )
 AERO AERO '°VT G
VT VT . VT
Mygro = Zagro ¥cg = Xyr) * ¥zgro (Zyr ~ Z¢g)
VT VT
Nagro = ~Yarro ¥¢o ~ Xyr)
TOTAL TAIL CONTRI=TTION
T VT UHT
Xagro = %agro t St iRO
T VT HT
Zagro = Zapro v %AERO
T VT HT
= M
Myero = Mazro ¥ ™AERO
T _vT HY
Yaero = Yagro * Yarwo
T _ T, AT
X AERO ~ FAERO T ZAERO
T T WGHT
Nagro = Napgro T AERO
E=-5
rd

D238-10002-1



NACELLE ANGLE OF ATTACK AND SIDESLIP

NACELLE AERODYNAMICS

. -1 R
fan 1WRR/URR. ’

ran W, /U g
an Wy /Ugy | ’

“1 r A
n 2 2
Tan iVpg/ Ve * wRR]

Ve, T
Tan LVRL/ V;URL + wRLJ

1/2 o V

D238-10002-1

1/2 » VﬁR

~

LR

NACELLE WIND AXIS FORCE & MOMENT COEFFICIENTS

Cpry = Cpon  * Kaol%gul* ¥

Cory = Coon  F K"OW‘L:\II'L K31!1i\i

CLR:\" = K32 Sin N cos CLRN

Copy = K3z Sin z2py cos 1y

= + 1 .

Cyry = Cyox ¥ Bay 51N wpy
s1in aRN

Chiuy = Cyox T Ky SID 3y
sSin lLN

SPECIAL CONDITTONS

1, IF

2 . 2

2. IF: V2,

: Vpp <1(FT/SYC)"; RIGHT NACELLE AERO
HOLD VALLE OF u

1.2
31 VR

cOs

. COs

COs

cos

<1(FT/SEC)~; LEFT NACELLE AERO
HOLD VALUE OF

E-52

(sin cos

(sin cos

NOTE: CHECK RANGE OF

———

arN & aLN TO
DETERMINE VALUES
FOR CONSTANTS.

R R

LN ) |

£ 0.0 &
& s

&



Y

T v el

P

RIGHT

CYLN

C
RN

= K36 Sin &

SN

D238-10062-1

Cos 5 + K37(Sln Bry COS Sga/ {S1in 3

PRN Cos BRui

RN RN

K! Sin 2 Cos 3 + K' Sin 2 Cos 3 lSin Cos
36 LN LN 7t LN Ly ! L BLNl

CNORN + K3881n SRNCos BRN + K39(Sln bRVCOSSRV)‘Sln'RN Cos SRN;

C + K in C + i Cos?® ' Si C
NOLN 4o>t0 By yCOs B+ K, (Sin 3 Cos Ly) 18in8 o Cos 3 |

= 0.0

NACELLE FORCES & MOMENTS - ACELLE AXES

YAl
MXR\I

1]
AYRV

'
AZRN

]
LfRN

1]
“MRV

= qRNSw[-CDR“cosaRN + CLRNSln“RN - CYRNSln:RNCOSJRN]l/Z

qRNsw[CYRN cossRN - CDRN51n8RN]l/2
- ; - ~ 2 in. - 2 /9
quSw[ CLRNCOS“RN CDRNL.O&RN Sinupy CYRVSIn"R\Sln RV]l'“
Cw ik - i
g ySyby by Cyry Sinsy CoSxpy = Cyiy Sinugyll/2
S ¢ C cos R 1/2
TraSCu Py ey 1/
S..b., [C cos - Sw C sin 2 cosxg ]1/2
‘RV WW NRYN RN — TMRN “RN
by
- k i . i~ ’
xSy [ CDLN COs uyy + CLLN gin ¢y CYLN sin iy cos:LVll,Z
xSy [Cypy c0s 2y = Cppy sin z y11/2
- - - 1S - M /
qLNSW[ CLLNCOSALN CDL\coss SIn‘LV CYLVSln_LNSLHXijl,Z

Cq . .
aLySwbyl- gL CuLy  sin fpy cos upy - Cypy sin 1 y]1/2
W

& /
‘LVSWCW[CMLNCOS HLN]l,Z

Cr . .
qL“S‘bw [CV LY coSs aNy T Ei CMLN Sin SLN cos.LN]l/2

W
E-53



LANDING GEAR EQUATIONS
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PERFORM THE FOLLOWING CALCULATIONS FOR EACH WHEEL OF THE

LANDING GEAR WHERE - n = 1 LEFT MAIN GEAR
n 2 RIGHT MAIN GEAR
n 3 NOSE GEAR

[T/

LANDING GEAR - A/C LOCATION

n =~ Xcg t X

Gn
Yy = Yen
2y =~ 2¢g * Zga
STRUT DEFLECTION
hgsp = X4 sin ¢ - 2, cos 9 - r,
= 1 b v -
hth [%n sin + (2 +r ) (cos ¢
Apn = (“Zpowny * Pgaq 7 Bgyq)/(c0s
RATE OF STRUT DEFLECTION
hry = -Zpoyy 7/ (cos : cos %) + X, 9 -

VERTICAL FORCE

FGzn = KsTn 5Tn * DsTn NTn

NOTE: COMPUTE Fgz, ONLY IF hyp, < 0;

IF th ~ 03 Fczn = 0.0 &
REMAINING CALCULATIONS MAY BE

TO ZERO.

1)] cos =

cos %)

SET
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LONGITUDINAL FORCE:

) F u/ful

F = (uo + 1, B 6Zn

Gn

NOTE: BGn is per.~nt brake pedal deflection.

SIDE FORCE:

F =4 F /1
sn = 's Fgzn ViV

FORCE AND MOMENT CCANTRIBUTICON OF EACH WHEEL

A\ X = - = 2) -
X = F - Fg, 9 (n=1,2).
= 5 - in 6 - F ¢
Ay = F 3 €08 Sgoppr T Fg3 SR CorpEr c73
AYn = FSn + FGZn »o(no=1,2);
3Y3 = Fg3 0S Sgpppr * Fy3 Sin dSgrppp * Fgz3

A%, = Fun ® - Fgq ¢t + Fgzp

;Mn = - lZn Xn + ;Xn (Zn + r + th)
Aﬁn = 20, Y, - LAY (24 r 4 hp )
_Nn = - LYn Yn + Xn LYn
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FUSELAGE AERODYNAMICS

PUSELAGE INPUT EQUATIONS
ap = Tan_l(W/U) Bp = Tan'l[V/\[55—I—ﬁ{]
QI:‘ = sin ap cos ag 81". = Sin Bp CoOs By
v = JUZ V2 o+ w2
qp = 1/2> V%
Vrus = VF Von
FUSELAGE WIND AXIS COEFFICIENTS
Cpp = Cpop (1 + Kol6pl®) + Ky af + Kyfap+ 4Ch g
) CLp = Ky ap + Ky aglag] = Ky
Cyp = Ky 84 + Kg 81 [8)]
Cyr = Cwor * Ks o * Kg xplagl + 4Cyq
Cyr = Cyor * Kg 5§ * Kpg 2p13g]
NOTE: IF GEAR IS UP; 2Cp (& ACy o = 0.0
SPECIAL CONDITIONS
1. IF Vg < 1 (ft/sec)” FUSELAGE AERO = 0.0 &

HOLD VALUE OF ip & o

s



S T e e

F'
XAERO

F'
AERO

F'
ZAERO

Fl
I‘AERO

F'
MiERO

D238-10002-1

FUSELAGE FORCES AND MOMENT ABOUT A/C C.G.

S

[-c Qg=y

cos ap + CLF sin ap - CYF sin BF cosaF]

DF
[CYF cos Bp - Cpp sin BF] qp Sy
[—CLF cos ap - Cpp cos Bp sin ap
~-C sin BF ein aF] qFSw

YF

[- (cw/bw)CMF sin 8 cos ap - CNF sin aF] 95 Sw hw +

F'
Yaero (Zcc ~ Zrac!
F ,
[Cyp cos Bpl ap Sy oy * Zygro (Yoo = ¥pac!
F'
-Xagro lZcg = Zrac!
[CNF cos ap = (¢ /bw) CWF sin SF sin lF] qp Sw bw
F' ,
Yyero (Xcg ™ ¥pac!
Fl
Xagro t *¥pc
F!
Yagro t 2Y¥ic
F'
Zagro V¥ 22L6
Fl
Zagro T L1
F'
Magro T EMig
F'
Nagro T o8¢



WING ON ROTOR INTERFERENCE

D238-10002-1

AVERAGE NACELLE INCIDENCE

i,. = 0.5 (1NL + 1.,)

N NR

AVERAGE LIFT COEFFICIENT

(Crsry * CLsiw!
C... = 0.5 —

s € . @i, &C

LOOK-UP:  <ypg WRL N LW

WING INTERFERENCE LOGIC

1. TIF: Umbrellas open, set CLw =

0.0 & ¢ = =p (1-GEF)
/1-M2



Pl . S

ROTOR/ROTOR INTERFERENCE

POSITIVE SIDESLIP, I.E., V > 0.0 (Logic Required)

x = 1.5708 - ¢

PRR
VR,
T* !& + T, x ¥ TNXZJX
RR - >
- sV v RRR
VR = [_RL) Vg -
VRR 2p WR-
-1 SV
"ir, = ~tan [ L }
Vir 1.0
€ = (|8 . i e
iRL (legl)  (.40528 i) €ipp
“irp = 0.0

NEGATIVE SIDESLIP, I.E., V < 0.0

x = 1.5708 - QPLR
SVER|L =t 41 o+ T 7 X
Vx ol 2 3
LR - -
§V* . R
v = vV
SV, _VER) . LR
RR 2pmR*
EJ!.LP = -tan™? [ SVIR }
. VRR + 1.0
<. = | i 2
’lLR - ('SFI) (-40528 lNR) lLR
EiRL = 0-0

NOTE: Vip & Vey FROM WING EQUATIONS.

D238-10002-1

-t



ROTOR EQUATIONS

D238-10002-1

RIGHT ROTOR
~ -1 )V v, o+ (WMo, + Upn Seon) 2
aggr = tan RR RR RR “WRR ’§+ SiIR
Urr
N _ . VRR
v = U2 + V2 + W2_ = —
RR RR ~ 'RR ~ "RR ' "RR  |Qg|R
LEFT ROTOR
_ S1YVE o+ W+ U e )2 g e
AR = tan RL RL RI. WRL + iRL
URL
v, = oI, +va + W2 ;ou._= VLR
LR RL RL RL 7 MLR X
[Qp 1R
ROTOR ANGULAR RATE TRANSFORMS
RIGHT-NACELLE AXES LEFT-NACELLE AXES
pN - -p cos i + r sin 1 pN = p cos i - r sin 1
NR NR NR NL NL NL
N : N _ )
Qur = 9 * Inr QuL = 9 * Iyg
N=--rcosi - sin i RN=rcosi + p sin 1
RyR NR ~ P NR NL NL tOF NL
RIGHT WIND AXES LEFT W.ND AXES
pR = pN pR = pN
NR NR NL  NL
o = oV cos : +RY sin - oR =9V cos s+ - RrRY sin -
NR NR HR NR HR NL NL HL NL HL
RR = rY  cos i1 -QN sin - RR = RN g - + oY gin
NR NR HR “NR HR NL NL HL NL HL
NOTE: USE WIND AXIS RATES IN ROTOR ROUTINE.

E-61



RIGHT ROTOR

THRUST
)
TRR
WHERE: =
CTO
+
and
p = 6

GROUND EFFEC

D238-10002-1

=[T15+* [ c Cos A7 Cos Bj
©,5+1]| Torr Cr Cr

0.000679 ¢ + 0.000015 ¢2

0.0022 us + 0.000211 wn2¢

o_t__lluCOSOL "
75 an 0.75 - 6.3015¢ + 5.5816%u-

- 8 y sin o + 1.115
T

hRR

5l -

R

(TIGE
TocE

C
TrRR

SPECIAL COND

= -z

+ (Ls Cos i - X..) Sin ®

DOWN NR CG

+ &LS Sin i + 2Z_ ) Cos & - YN Sin ¢ ] Cos 6

NR CG
= hRR
FF
R 2R[|Sin(8 + i) Cos 3| + .0174}
h 2
) _ [{5] (\1741 = .6216 .gp)
RR g;F
+ (E (1.4779 ugn ~ .4143)
D . HRR .
EFF
RR
+ 1.2479 - .8806 LRR}
—_ ' T
= I
TRR T ?i
OGH RR
T
ITIONS: IF upp 2 0.283; IGE = 1.0
T
OGE/ g
T
or IF (E) > 1.3; [_IGE = 1.0
DI ppp TOGE gp
RR
E-62
rd
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POWER

CPrr = CPoRR

0.00006 + 0.00057 « + 0.000085 % + 1.12 CTS/2

- 0.024075 Cp + uCp (0.53 + 0.456 u -39.937 uCrp

+31.79 Cp) + ([0.01154 - 0.03u? - Cp(3.4y -8u2)] “RAD)

T

- 0.22064u (Cp + 0.001971) sin a

+ (0.3082: - 2.18:2) Cp sin «
NORMAL FORCE

C = C + ifﬁEBB A EE————
NF - “NFO 1CR 1C
RR RR aa an R
“lcg 12

WHERE: Cnpy = CNFp = 0.068:° sin 2x + [0.133695.Cy

+ 73.444u Cp (1-2) K 0 <.~ 0.6
where K = cin x for 1 > 20°
and K = sin x(10-0.454°) for 0 =< = < 20
For 0.6 < .
dCNFRiNF = (CNFl)(l-O.S(L-O.f))
e Pwr) Crpg T Pur, MRR * Pypy e Y PxF,
* DNFS R ST 2 ipp
NP eg ;
B NPy Crpp * Ewr, YRR Y Bypg fRe Exr,
+ E

NF.S URR s1in ARR

(VR



SIDE FORCE

WHERE : CSFO

wiaere v°

and p: =

dBeR

D238-10002-1

dCgp dCsr
+ RR N RR p

F — P1¢er T T “1cr
ORR  dA;cp dBycRr

= y - : 2
= 0.00430 » sin a - 0.0028827 u (appp)

.

+ 0.012 u sin a Cp (90-¢°) + 2.19u’ sin o Cq
pan-1 | HTHi COS & 1
L uy sin o |

P e} " ! ”
LuM o+ CTZ)I/; - w2 2 1/

Upp + D

=D C + D S+ D RR

SFq SFA

+ DSF3 HRR sin 2ARR

= E C  + E we +E. . u_ _ +E
SF, “Tgp SF, "RR SF, "RR SF,
+ DSF uRR 3iin 2 QRR

-t

i
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HUB PITCHING MOMENT

_ ICPrr ACergg Mg g
Cpm_ = CPMOR S T o Byer T Qur
RR R dA; cp Bicr Q
WHERE :
CPMO = 0.0099%0 » sin 2 -0.010960u< sin
I
+ 0.0028126 1 sin 2x - 0.0057743 4 sin = ‘%%%
[ -
+ (1.802 u sin a - 7.56 (u sinu)? Cp
1000 9BM = 1.5 + 0« us .2
dgQ
= 0.25 + 7.26 « .2 <u < .39
= 4.1681 -2.79 - . > .39
ac
PM o
=D c + D i 4D L. 40D
a, S PM, “RR Py, “RR PM,
) Y ~ ' -
* Dpyy tpp Sin 2 agg * Dpp g (Ifp!7ig)

E_

D
Ut



— o~ o

i

D238-10002-1
HUB PITCHING MOMENT (CONTINUED)

d CpMrRr Eoy
d Bicr 1

i
+
v}
j =4

N
+
m
=
+
23]

C
TRR PM

* Fpy, “RR sin opp + Epmg ¥rr (I9RI -00)

HUB YAWING MOMENT

dCyym dCyMm dCym
+ RR + RR " RR RR

C = C _ B8R
ORR dAlCR 1CR 1CR dR NR

YMRR ™

dBjcr

Where:

For 0 < u < 0.37
Cym = (0.018369 x -0.0007)usina -1.2 w2 Cp sin o

1 sin o

’

ReM )| /RRM _
298 /|| 298

\
\

+[}.0063l -0.002604u -0.004877 (
and for u > 0.37
Cym = (0.01916 - 0.15321 (u -0.5435)2) sin a

- 1.2 u2 Cp sin o

dCym . . 4&CpMm
dr dQ

PR
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D238
HUB YAWING MOMENT (CONTINUED)
dCymM
MgR
___"RR -p C + D u2 + D u + D
GV, Y, Tee YM, 'RR Y™, “RR ™,
* Dyy, YRR SiM Opp * EYM6 Hgr 951 -2Q)
dCYMRR 5
_— = +
dB, cx EYM1 CTRR + EYM2 Her T EYM3 “RR EYM4
+ EYMsuRR sin 2agp + EYM6 Hpr (IQR[ - Q)
E-67

-10002-1
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ROTOR FORCE & MOMENT CALCULATION

= 4n2
TR fTR CTRR pmR QR
N = ban2
FR fNFR CNFRR pTR QR
_ L2
SFgp = fSFR Csprr PR QR
_ 502
Mg = fPMR Cpmrr PR R
= 502
Np fYMR Cymrr PR’ O3
OzrEQ fop CpRR PR R

Q
RHPRR = |QRREQ LR__
f ° 350 N

LEFT ROTOR FOLLOWS SIMILAR FORMAT WITH SUBSCRIPTS CHANGED.

THE LEFT ROTOR ALTITUDE EQUATION IS AS FOLLOWS:

hLR =—ZDOWN + (LS cos 1y - XCG) sin ©

in i + + i c
+ [(LS sin i ZCG) cos ¢ YN sin ¢] cos ©

NL
or;

h =h

LR RR + 2 YN sin ¢ cos 6

E-68
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D238-10002-1
ROTOR FORCE & MOMENT RESOLUTION

HUB MOMENTS - NACELLE AXES
LEFT
= - -1
;t;RH 9 rEq p 9 K
= ! - A S'
Megw = My ©0S &y - N sin g,
- (p sin iy, + r cos iyy) ( KIpQp + Ngp, K1 Ig QpL)
NLRH = -Np, cos ¢yp - My sin ¢gyg, + (KIPQL + Ngp, KlIEQEL)(q+iNL)
RIGHT

;f;RH = Qpgreq * Ip % K

=
n

RRE — Mg COS &pp + Np sin gup

+ (p sin iNR + r cos iNR)(KIpQR - NER KlIEQER)

RRH = NR ©0S fyr ~ Mg sin iyp - (KIpQg - NgrK1IgQpr) (4 + iyg)

NOTE: NACELLE AXES ARE RIGHT HANDED SYSTEMS

Ky = 0 if nor-tilting engines

l if tilting engines

P

[RIRERH TS RT3

SAA et i ay

» aidar

PR W

A
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RESOLUTION OF ROTOR/NACELLE FORCES TO BODY AXES AT PIVOTS

LEFT ROTOR

NL '
xAERO = (TL + AXLN ) cos iNL- sin iNL (NFL cos gyp+ SFL sin EHL

*

- A2y )
yNL = SF_ cos ¢ - NF_ sin ¢ + AY.
AERO L HL L HL LN
gNL' -(T, + AX| ) sin 1 - cos i (NF_ cos ¢ + SF
AERO L LN NL NL L HL L

sin EHL - AZLN)

NL' ' . . ' NL
Larro = Wpgn + 8%py) ©0s iy + sin iy (Njpo + ANy n * Lg¥ER0)

NL  _ ' ‘ _
Mapro = Mprn t MMpy * NFy Lg cos £y, + SF L. sin gy,

- . -
Lg 827y = Ip 9 r Npp Kp

NL . , NL o ,
NoEro = €08 iyp (Npgy + ONJo + Lo Yyppo ) = sin iy, (Bon + 0400

NACELLE EQUATION INPUT - LEFT

NL
Myraero = Magro ¥ Tg % T Npp K2
GLAS INPUTS - LEFT
A = + L + SF. si
Myraero = Miru g (NFj cos &, + SF sin g )
GLAS Ky, = 0 if tilting
. engines
N = N. + L c - NF
NLaERO - LRH * Lg (SF) cos £, L S0 Eyy) .
GLAS = 1 1f non-

tilting engines

Pt b bt el b B B b i B

3
¥

{

L —— v o i o
o st o I

i

L]

. ;.An‘f:;k""
Toen
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RIGHT ROTOR
xNR = (T_ + AX' ) cos i + sin i (-NF. cos ¢
AERO R RN NR NR n HR
+ i + AZ!
SFp Sin Eun )
NR . ,
Y = ‘SFRcos £ - NF sin g + AY
AERO HR R HR RN
gNR' _ _(r + aX' ) sin i__ + cos i__ (-NF_ cos £
AERO R RN NR NR R HR
+ i + Az
SFR sin £HR A RN)
IﬁR' " £ NR \
= + cos i _ + sin i N + L Y + AN
AERO rrp T Oy ) GOS8 iy *osin i (N s TAERO RN
MR _y + AM' + NF. L cos E._ - SF. L sin ¢
AERO _ 'RRH RN R s HR R s ° HR
- ' -
Ly 82py ~ I 9gp T Ngg K3
NR . , NR . ,
Nygro = €08 iyg (Nppy *+ ANpy + Ly Yypeo) - sin dpp ppy + adp))
NACELLE EQUATION INPUT - RIGHT
NR
M = A I_Q r N K
NRAERO AERO T “E “ER ER 2
GLAS INPUTS - RIGHT
MyraEro = Mrry t Ls (NFp cos &yp = SFp sin £pp)
GLAS
NyraERO = Nperp = Lg (SFg cos &yp + NF sin 4g)
GLAS

E~-71
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WING VERTICAL BENDING

RIGHT WING TIP DEFLECTION

— A .
AERO
= 22" 4+ Y

aRT m Np
- Z °
s - ZAERO .y |

RWAC o WAC

NR' RW' NR'

h = K Z + K 2 + K -

1 W AERO W AERO W AERO K

R 1 2 3

[ ]

Where Ahl is the difference of hl
- R R
At is the time frame-

RIGHT WING A.C. DEFLECTION

NR' RW' NR'

h =K, 2% + K, 2 + K, L

lpyac  Wg “AERO © "Wy “AERO Wg “-AERO
.

1 = Ahl /At

RWAC RWAC
Where: Ahl is the difference of hl

RWAC RWAC
and At is vhe time frame.

FORCE AND MOMENT EFFECTS

SNR JNR 2 SNR o
ZoaEro = “2%u1 “wi ZApro T “w1 ZAER0 T “w1
SR JRW 2 SRW 2
Z2,ero = 2%w2 Y2 ZaEro " “w2 “AERO w2
WR . iik - w2 AR, 2
IxERO Wl W3 "KERO W3 “AERO w3

E-72
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between time frames and

between time frames

NR'
AERO

RW'
AERO

NR'
‘z%ERO

e |

brd b bl
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e avmn e s e eiSBen  i

R GRihY ARG e T
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LEFT WING DEFLECTION

z .
- _ ZAERO _
arr T T o Yy P
- _ ZAERO _ Y .
aLwac - T g wac P

_ NL' CLye NL' — -
hyp = Ky Zagro * Xy Zagro - Xw_ Larro - Xw 3ur - Ky 3Lwac
1 2 3 4 5

®
hlL = AhlL/At

Where: Ah1L is the difference of h1L between time frames and

Lt is the time frame.

LEFT WING A.C. DEFLECTION

' ' ' — —_

hlLWAC = Kw6 ZEERO + Kw7 ZkgRO - KwslzigRo - ng 4t KWlOaLWAC

® )

Bip = ARy, /0t

Where: Ahjp is the difference of hjyp between timne frames
WAC WAC

and At is the time frame.

FORCE AND MOMENT EFFECTS
CNL " NL 2 NL »  oNL'
= =2 Z - +
ZAERO fu1 “w1 %aEro T “w1 “aEro T “w1 “AERO
SLW ‘LW , LW , LW
ZaEpo = 2842 “y2 Zapro T “w2 Zakro T “uw2 ZaERO
ijL >NL 2 ML 2 L'
= =2f ® - w” - + w*
AERO W3 W3 NAERO w3 iAERO W3 SAERO
NL LW NL
Z Z and Xt
FORM Z cro’ ZaEro’ 27 %aEro
E-73
’ .

o s va—————— T
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WING TORSION

LEFT WINC TWIST AT TIP

= Mypacr

2
Cyby
t dgLy ¢

-I.Q r

6t "tLw E "EL

(rt -C

MO TSLR)

-+

D238~10002-1

dc

(4°th + 3““LWRIGID)

RIGHT WING TWIST AT TIP

2 [dCMwc /4
(1 = Cogrr) 951w Cu ( +

Labi>
61

Crabyw

Kot ®¢rw = Myract = g %ER T
2
Cybw
+ dgRry Cyo (1 = Crgry!
dc
2 MWC/4
+ (1 - Crgrr!) 9spu +
dac
L
(AetRw + 3““RWRIGID>
: = + + 2
WHERE Cyo = €, + Cp 85 + Cy 82
5 _ Yuac 5
eLwac T Ty, CeLw
6 _ Tyac 6
eRWAC = - %trw
In
NOTE: If umbrellas are open; set terms containing

9g (1 - CTS) equal to zero.
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AT g . e
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g
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-

Lo vtAr—ewez . T

AT - T R S A AR o

TOTAL FORCE AND MOMENT SUMMATION ABOUT C.G.

NL NR F LW RW
= + + + 7 + +
Xsero = *apro * Xagro * *arro aEro © *aERo
NL NR F LW RW
=Y + Y + + Y + ¥
YAERO AERO aERO © YaERO AERO AERO

X
AERO

T

Y
AERO

NL NR F LW RW T
ZAER0 = ZAERO t ZAERO t ZAERO Yt ZAERO * ZaERO * ZAERO

v _ _NL NR F W T
“Zero =Xarro tXArro *Xarro tXarro t-<AERO

NR NL NL NR
+ Yy (Zpgro — ZAErRO) * Zce (Yarro * YaERO)

NL NR F W T
MAErRO = MpAgro + Magro t Magro * Margro * Makro

NL NR NL NR
+ Xcg (ZpAERp * ZaER0) ~ Zcc (XpERO *+ XAERO)

NL NR F W T
Nagro = Nagro * Nagro + Nagro * Nagro t NaERO

NL NR NL NR
+ Yy (Xpgrc - Xaero) -~ ¥cc (Yagro * Yagro)
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BASIC EQUATIONS OF MOTION

PRELIMINARY CALCULAT IONS

FUSL- . ' .. W.R.T. A/C C.G.
Xe =7 CG
Zg = hg - Z¢g

WING C.G. W.R.T. A/C C.G.

xw = lw - XCG

Zw = hw - ZCG

NACELLE C.G.'s W.R.T. A/C C.G.

xR = L COs (1NR - i) =X G
ZR = =% sin (lNR - A)'ZCG
XL = ¢ cos (lNL - ) _XCG
ZL = -¢ sin (1N1 A) ZCG
E-76
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D238-10002~1
PRELIMINARY CALCULATIONS

INERTIA TERMS

Cex = 2 ISR 4 (T4, - Tj) (sin® iyg + sin® iyp)
SID (sin 2 g + 8in 2 i) + 2 my Yo
xzg (SID S dygg T OSIR L Ay My Ty

+ me hf Zf + m. hw Zw

- QmN[ZR sin (igg = M) + Zp sin (g, - A1

Jyx = Izz = lyy

() 4 )

Igp = + 139 4 172 (T4 - I3z) (sin 2 igg+ sin 2 iyp)

+ I’ (cos 2 1
Xz

i 2 + |4
R + cos 2 1NL)+(mf Z m zZ )

f f v W ow

+ myt [¢g cos (iyg - ») + 2y cos (iyy - A) 1

Ay ——
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INERTIA TERMS

I(k) + m. (2

X
vy £ £

Tyy = E: g the Zg) +mo (R0 X0+ hy Z0)

+ my & [Xy cos (igy - A) = Z¢ sin (igy - M) ]
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INERTIA TERMS

I =Z I(k) + (I -1') (sin?' i + sin2 i)
z2z X 2z XX zz NR NL

. . . 2
+ I;z (sin 2 iNR+ sin 2 lNL) + 2 My YN

+mf lef""mwf.wXW

+ mN L [XR cos (iNR - A) + XL cce (iNL - X)]

Jzz = Iyy - Ixx

E-79
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ROLL EQUATION

Ixxp =

+

L . I
- * v . —— l

p238-10002-1

+ +
JXX rq IXZ (r pq)

gm_ Y. (i cos (i -A) - i cos i -\
N N{lNR ( NR ) NL NL )

+ Z

PITCH EQUATION

AERO

I ==
yy 4

+

YAW EQUATION

I,,r

2 2

Jnyr -I., (p - 1)

. 5 _ : : .Y i =2
iy {Iyy + ZmN[ Zg sin (iyg ) + Xp cos (igg )]§

3 ] - ~ 1 : - : _)\
lNL.{Iyy + sz[ ZL sin (1NL ANy + XL cos (lNL )]}

M

AERO

-J,, Pq - (rq - p) Ix.
Q.IT\N YN {iNR sin (iNR -')\) - iNL sin (iNL "A)}

NAERO

E-80
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d RIGHT NACELLE ACTUATOR PITCHING MOMENT EQUATION

j Myract = ~ ;NR [I;y + 2% my (1 ;g)]

I - 22mN (l-nm_‘N.)[-pr cos 2 (iyg -1) +c:1

3 + (r? - p?) sin (i -2) cos (ig; -A)J

Ld - (r?2 - p?) [I;z sin iNR cos iNR} - I)',y q

- ) _"mi‘l_ I:XAERO sin (igg - ) + Z,ppo €05 (igg - x)]

- - Amg YN{ (;' - pq) [sin (iNR_)‘)]

L. - (1; + rq) [cos (igg - X)]}

~ *+ MyraERO

l- ' LEFT NACELLE PITCHING MOMENT EQUATION OBTAINED BY CHANGING
SIGN OF Y AND CHANGING. SUBSCRIPT FROM R TO L.
NOTE: THE ABOVE EQUATION MUST BE CALCULATED FOR WING TORSION

” CALCULATION ONLY.
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MOTION OF A.C. MASS

CENTER

§§§§9 - g sin 6 - QW + rV

+ g cos 8§ sin ¢ - rU + pW

—— + g cos 8§ cos ¢ + qU - pV

EULER ANGLE CALCULATION

W

(r cos ¢ + g sin ¢)/cos @

q cos ¢ - r sin ¢

p + ¢ sin 8

oo

D238-10002-1
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AIRCRAFT CONDITION CALCULATIONS

GROUND TRACK

NORTHW:.RD VELOCITY

xNORTH = U cos 06 cos ¢ + V (sin ¢ sin 6 cos ¢
- cos ¢ sin y)
+ W (cos ¢ sin 8 cos ¢ + sin ¢ sin y)

EASTWARD VELOCITY

EAST = Ucos 6 sin ¥ + V (sin ¢ sin 6 sin ¢ + cos

¢ cos V)
+ W (cos ¢ sin 6 sin ¥ - sin ¢ cos V)

DOWNWARD VELOCITY

Z

= i B i B )
DOWN U sin + V sin ¢ cos + W cos ¢ cos
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PILOT STATION

ACCELERATIONS (BODY AXES)

- X

x -
_ %aERO -
agpa = ——— * (@ * pr) (Zpy = Zgp)
2 2 - J
+ {(g® + r¢) (XCG QPA) + YPA (pg r)
=29 %5~ Xgg '
_ YagrO . - .
aypy = ——— * (P - ar) (Zgg = Zp,) + (r + pa) (ipy
) \ , S
YPA (rc + p°) + 2 (pzCG erG)
a,., = AERO + (q - pr) (X.. - 2,,) + (p? + q?; (2., -
ZPA q e PA : CG

m
+ YPA (p + gr) + 2qxcG - ZCG

PILOT STATION

VELOCITIES (BODY AXES)

Upa = Up

Vpa = Vp

Wop = Wp
GUST MODEL

+ qZPA - rYPA
+ rlPA - pZPA
+ PYp, ~ dipy

i
N
i

1 .

D238-10002-1

CG)

PA

The gust model will be that represented by NASA-AMES program
NAPS-80. The output of this program, in the form of gust velo-

city components Ug, Vg, Wg, Pg, dg, Ig
aircraft velocity components in clear air as follows:

U=1U"+Ug p=p'+pg
V=Vl+vg q.—_ql.:.qg
- ] - H
W=W'+ Wg r=1r' + rg

will be added to the
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. PRELIMINARY CALCULATIONS PREPROCESSOR
g 32.174
m [w +w HT+WVT+wﬁ+wﬁF+W +wFUEL+wC]/g
- my wyr /29
8 Mg [w% + w}'IT + wVT + w":,1 + wé 1/9
' My [wy + Wepgp * Wypl/9
L ' )
! 2 [(FS), (Fs)f.]/lZ
L [ -
NT L(FS), (FS)achl/lz
L_ g [(FS) =~ (FS) 1/12
VT P VICG
i 2! [(FS) - (Fs) 1/12
1 PA P PA
2! FS) - (FS 12
: c [( )P ( )C]/
L ! [w'e'+w! o' +w' 2! + w' ! +w'2']/(m g)
£ £ "HT HT VT VT CR tpatvete
%M Ry [(FS)p - (FS)1/12
fuep = [(FS)p = (FS)gygy1/12
! -
N - [(FS), (FS) £1/12
{
l- 1] 1] + 1 ] + 1 m
by (wi %o % Yeugr “ruer * Y url/(78)
1
i
i
i
-
: E-85
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wh’

WAC

WAC

WAC

-

—

[(WL)P - (WL)f.lllz
[(WL)P - (WL)HTCG]IJZ
[(WL)P - (WL)VTCG]/12
[(WL)P - (WL)PA 1/12
[(WL), - (WL)C 1712

1/(32.174 mf) [w%z

[(WL)p - (WL),1/12

FUEL

[(WL)P - (WL)NF]/12

-

1/(32.174 mw)[waz' + W

%)

[(FS), - (FS)_, 1/12

[(BL),.)/12

[(WL)P - (WL)WAC] /1

[(BL)N]/12

-

= [(WL)P - (WL) 1/12

2

1 1 1 +
tw * Yyr AT CRZPA c

' 2!
FUEL FUEL

D238-10002-1
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D238-10002-1

| Xyp = [ (FS), = (FS) ] i/12
Zyp = [ (WL), = (WL),.1 1/12
:< Xyp = [ (FS)p = (FS) ] 1/12
] Zyr = [ (WL)P - (WL)VT] 1/12
i A = 3.14159 R?
Yyac = [ (BL)yuel 2/22
Xgp = Xgp = [(FS)p = (FS),]1 1/12
Zgy = %gp = [(WL)p = (WL)o,]1 1/12
Yo, = [ (BL)g 1 1/12
Ye1 = Y2
Yoy =0
Yp, = [(BL)p,] 1/12; POSITIVE FOR PILOT IN RIGHT SEAT
Xeag = [(FS)P - (FS)fAC] 1/12
Zeac = [(WL)P - (WL)fAC] 1/12
E-87
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L

Xo7p = L(FS), = (FS) ;,1/12
ZG3 = [(WL)P ~ (WL)G3]/12
Yyp = [(BL)ypegl/12

Yyr = [(BL)ypegl/l2

Y, = [(BL)ygg 1/12

Yepen = [BL pypreel/12
INERTIA CALCULATIONS

ngr = Lt if

§gr = he- zg

ngr = Y fyp

Syr = hgm Zgp

nyr = L= QJT

Syr = hem 2Zgq

ncr T Y~ tpa

S¢r = hgm Zpp

L
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e

3
[}
Py
'
Py

I(f) = I(Wf') + I(HT) + I(VT) + I(CR)
yy yyo yyo yyo yyo

(n12 + 6'2) + W' /g (n-z + 6'2)
HT

D238-10002-1

+1©) 4w g
yyo f

+ W' /g (n'2+6'2)
VT VT VT

f' f£' HT
+ W' '2 482y + @', 12 4 g2
CR/g (“CR GCR) /9 (nc 60 )
r{f) o oplven)  OIT) VD) L (CRY L p(0) W'/g 842
XX XX0 XX0 XXO0 XXo XXO0 £ f
+ W §'2 4 y2 + W 5'2 + W! 512
pr/9 Byp * Yy vr’9 Syt cr’9 Scr
+W' 5'2
C/g Cc
v
{8 o M) AT, O LR (O We/g ngt
2z zzo 220 zzo zzo zz0 3 f
+ W l2+Y2 + W l2+wl I2+wl ' 2
/9 (nyq it vr’9 Myr cr’9 "cr ¢ /9 g
(f) (Wgr) (HT) (vT) (CR) (C) ' ' .
Ixz - Ixzo Xzo0 + Ixzo + Ixzo + Ixzo + Wf/g Mg O
] 1 ] 1 1 |} ] ] ]
t Wyp/9 ngr Sgr * Wyp/9 nyp Syt WER/9 nér O¢w
1 \] 1
+ W./g ! 8!
H', =3 - 1
W w w w
v' = h - Z!
W w w w
H', =1 - ¢
w'FUEL w FUEL
A' - - '
w'FUEL hw 2FUEL

R ek e e e 2



—

1)
Hw ' NF

1]
Aw 'NF

I(W)
yy

(W)

XX

I(W)

z2z

I(W)

Xz

i

=1

=1

- [}
J?’w jz'NF

- z'
hw NF

- p(w'w) , p(w'FUEL),

yyo yyo

' 12 2 ' 12

1] ]
(w'w) + I(w FUEL)
XX0 XX0

' 12

(w'w)
ZZO ZZO

[ I~ L PR 12 2
+ w'FlUgl/g (Hw'FUEL + Y

(w'w) I(w'FUEL)
Xzo XzO

' ' '
+ w'FUEL/g HW'FUEL A

D238-10002-1

YY

(w'NF)
XXO0

+ I

220

2
+ w'w/g (A;'w

FUEL
(w'NF) .
Ixzo tw W/g
1
wrpyEL T Y np/9

Yigpl) * W np/9 (85F

H'
ww

NF

NF

+0'%

2
+ Yw)

+ Y2 )

w

1
Hornr 8

' )
+ I(W FUEL) + I(w NF)+ w! /q (H|2 + YZ)

'
w

W

'NF

w'NF

)+ w'yp/g Higp + Ygp)
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- APPENDIX F

] This appendix contains the numerical constants and functions

i required by the equations presented in the preceding pages.

h The data is listed by reference to the page number in Appendix
E where the numerical constant or function first appears.
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INPUT DATA

PAGE NO. QUANTITY VALUE UNITS
E-7 Kg 20.C degrees, inch
STEER
K -8. iac
SRUD 8.0 degrees/inc
wp 20.0 rad/sec
c l . 0 -
Kes 1.0 -
wy, 35.5 ral/sec
g' 0.18 ~—
K 1.0 -
63
Kg' 0.0 -
és
Kg -3.33 cdeg/inch
e
Schedule A to be determined
” B "
" C "
" D "
1" E n
” F "
n H n
1" I 1]
" J n
E-8 Schedule A to be determined
" B ”
” C "
1] D ]
E-9 Gains and S3chedules

to be determined
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PAGE NO.
E~9
E-13
4
|
L
i
L.
E-15
E-16
-~

D238-10002-1

QUANTITY VALUE UNITS

Gains and Schedules
to be determined

Engine Data See page A-17 -—
WDTIND 0.0 el
SHP* 4120.0 HP
‘;JMAX/V:’* 1.0 -
N1IND 0.0 -
.0 -
Niyax/Ni 1
N1gIND 1.0 -
1. -
(NL/VB /M%), o 115
QIND 1.0 —_—
QMAX/Q* 1.0 -
* -
NHMAX/NII 1.214
N; 27932 RPM
(N N ) .7547 -
/N1 ¢ rer
QREF 27.436 rad/sec
G1 2.5 deg/sec/rad/sec
G2 2.66 deg/rad/sec
G3 0.05 deg/sec/deg
I, 150378.0 slug-ft?
K _loo -
Ner 1.0 -
F-3

¢ memmmme e e > o S
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PAGE NO.

QUANTITY

Schedule
n

mQHEEOOEP

F-4

VALUE

D238-10002-1

UNITS

See pages A-19 to A-22

-12.0

1397.5
0.091288
560.82
-0.83235
2323.27

7.0896
0.10271

0.54
17.51

1.4167
36.55

8.5

2.0

degrees

slugs
ft
slugs
ft
slugs
ft
slugs

deg

ft
ft

ft
ft
ft
ft

ft

degrees
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PAGE NO. QUANTITY

E-22

E-23 Solutions of
Quartic

A

WRR

WLR
PC

e s e oy s P » -

VALUE

-15.583
-49.33
-5.25

-40.4167

See Page A-23

2485.0

See page A-24

" A-24

0.54
56.25

75.0

10.23
747.5

4.1832

0.0269
22.22906
-2.437137

0.20607
-0.003128
29.786

0.442188

{ Lo,
- __M“L’m -

D238-10002-1

UNITS
ft
ft
ft

ft

ft?

rad
rad
ft
ft
ft

deg

ft
ft?

rad~?!

el e e DnE SEIG
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PAGE NO.

nr

QUANTITY
a2
a13
az9

aso

VALUE
0.0263
-0.000338
0.000011
0.00003
30.0
-0.03105
0.001946

-0.00911
30.0
0.066537
-0.016342
0.00014
-0.000088247
0.000008596
1.003412
0.011163
0.002168
20.1665
-0.756323
0.185684
-0.002159
14.0
-0.07

30.0

D238-10002-1

UNITS

deg"2

deg

deg
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PAGE NO.

QUANTITY

az
a3
a4

as

VALUE
11.9
~15.0
-0.06
-16.8
0.0888
0.073
-2.051491
0.215913
~0.005276
0.0152
0.0036
0.054313
0.0269
11.32
~1.910958
0.211969

-0.005391

10.92

-0.035178

-0.000244
0.0

~0.010154
0.000081

p————t
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UNITS

deg
deg

deg

cleg"l
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PAGE NO.

QUANTITY

c
LMAX
(ag/a)w

K20
K21
by
Ke

YacC

AT
e N

=
= "

=

>
’ﬂﬁ *ﬂﬁ %

=]
*ﬂb

»ﬂ%

See page A-25

-0.0908
-0.04

73.1

220.0

-1.1408

0.05

0.0

J e ]

D238-10002-1

UNITS

raa~l
ra.d_l

ft
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TN l i ok -~ — .,I '* -
%
L
H
% i PAGE NO. QUANTITY VALUE
% [ E-42 €, See page A-26
? L de/da See page A-26
b o
; S
% E-43 THT 0.52
Pl
g aHTSTALL 17.15
CL 0.0694
oL QHT
; ;' (ag/a)yr See page Aa-25
I
f I Chogy 0.00734
i I ARy 5.384
; L' E-46 do/dg -0.557
b Tyr 0.46
. a 26.9
; VTS TALL
j Cy 0.0613
o EVT 0.88
‘. C 0.00615
DOVT
é ARy, 1.536
] E-50 Nyt 1.0
¢ iHT 0.0
i lﬁ Syr 227.5
%
Nyt 1.0
1. Syr 278.0

a

ERIL S & e e e NN
§sSatend
.

g

IR e

¢ ‘

——— vs-L -

D238-1
UNITS
deg
deg/deg
deg

deg
ft?

ft?

0002-1

L.

P
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PAGE NO.

E-52

— T

[ S

QUANTITY

for ay< .5236 rad

CDON

K30

K3

for aN>.5236 rad

Chon

K30

K3

K3,
Cyxon
Kq,

K3s

b
W= W= W
o

~

il
~

=~

NORN
38
39

NOLN

= 0O =" = 0O

40

=

41

VALUE

0.00268
~0.001908

0.061849

~-.102244
0.271593
-0.077763
0.0546
0.0
0.02532

-0.00206

-0.0546

-0.001206
0.0
0.0
0.001206
0.0

D238-10002-1
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PAGE NO.

E-54

QUANTITY

VALUE
-7.41
-7.41
33.33

-7.33

0.0
13.5
13.5
14.0

1.375

1.375

20000
20000
20000
1200
1200
1200

0.03
0.005

D238-10002-1
UNITS
ft
ft
ft
ft
ft
ft
ft
ft
ft
ft
ft
ft
lb/ft
lb/ft
lb/ft

lb/ft/sec
lb/ft/sec

lb/ft/sec
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PAGE NO.

E-57

E-60

QUANTITY

Cpor

Zrac

FAC

T1

T2

VALUE
0.01288
65.14
0.4
-0.00553
0.0401
1.26
0.0
0.0261
-0.361
-0.0987
-0.00455
1.432
-0.494

-0.0568

1.4167

0.2434
-0.483

0.5208
28.125

p238-10002-1

UNITS
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i E-62 Tl

.- Tz

FoS—
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